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ABSTRACT  
STRUCTURAL  EVOLUTION  AND  PALEOHYDROLOGY  OF  A  TERTIARY  SALT  WELD,  
WILLOURAN  RANGES,  SOUTH  AUSTRALIA  
Nicholas  J.  Williams,  M.S.  
Department  of  Geology  and  Environmental  Geosciences  
Northern  Illinois  University,  2017  
Mark  P.  Fischer,  Director  

This  thesis  aims  to  establish  and  rank  the  variables  that  affect  the  hydrologic  behavior  of  the  
Willouran  Salt  Weld,  a  tertiary  salt  weld  in  the  Willouran  Ranges  of  South  Australia.    To  address  this  
question  I  have  undertaken  three  research  tasks:  1)  determine  the  composition,  texture,  kinematics  and  
timing  of  vein  and  host  rock  cements;;  2)  characterize  the  fracture  network  near  the  weld  and  create  a  
1:10,000  scale  geologic  map  of  the  study  area;;  3)  collect  geochemical  data  constraining  the  temperature  
and  composition  of  fluids  from  which  vein  and  host  rock  cements  precipitated.    
Structural  data  indicate  a  complex  evolution  of  the  Willouran  Salt  Weld.    Base  of  salt  geometries  
show  that  the  Willouran  salt  canopy  developed  from  the  suturing  of  the  Kingston  and  Breaden  Hill  Salt  
Sheets.  Complete  welding  occurred  in  the  southern  portion  of  the  structure  and  correlates  well  with  the  
distribution  of  the  Tindelpina  Shale.    Elsewhere,  salt  evacuation  stalled  prior  to  welding,  leaving  a  
significant  amount  of  remnant  diapiric  breccia.    Mesoscopic  deformation  includes  a  localized  zone  of  
deformation  that  is  localized  beneath  a  base  of  salt  ramp,  which  is  potentially  related  to  salt  movement.    
Also,  fracture  orientations  differ  substantially  on  opposite  sides  of  the  weld  when  significant  remnant  
evaporite  is  present,  which  suggests  that  the  Callanna  Group  acted  as  a  mechanical  detachment  layer.  
Petrographic,  fluid  inclusion,  and  stable  isotope  data  indicate  a  salt-related  fluid  system  with  the  
following  characteristics:  quartz  vein  cements  precipitated  from  saline,  H2O-CO2-CH4-N2-rich,  
metamorphic  fluid  with  temperatures  likely  >200°C  and  dolomite  vein  cements  precipitated  from  a  saline  
sedimentary  brine  or  metamorphic  fluid  with  temperatures  likely  >100°C.    Quartz  cement  precipitated  first,  
followed  by  later  dolomite.    Stable  isotope  data  indicate  that  there  was  no  significant  difference  in  the  
composition  of  quartz-rich  fluids  with  structural  position.    However,  there  is  a  significant  difference  in  the  

isotopic  composition  of  dolomitic  fluids  with  structural  position.    These  results  suggest  that  the  weld  did  
not  act  as  a  hydrologic  barrier  early  in  its  history  but  did  act  as  a  barrier  later  in  its  history,  perhaps  in  
response  to  mineralization  that  occluded  fracture  porosity  and  permeability  or  a  decrease  in  fluid  pressure  
in  subsalt  strata;;  however,  the  existence  of  a  regional  fluid  system  may  limit  our  ability  to  interpret  the  
behavior  of  the  structure  early  in  its  history.  
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CHAPTER  1:  INTRODUCTION  

Salt,  or  rock  salt,  is  by  definition  a  mass  of  the  mineral  halite  (Hudec  and  Jackson,  2007).    
However,  accumulations  of  pure  halite  are  rare  in  nature.    Therefore,  geologists  commonly  refer  to  a  
mass  of  mostly  halite  as  “salt”;;  other  evaporite  minerals  and  non-evaporite  rocks  may  be  included  (Hudec  
and  Jackson,  2007).    A  salt  structure  is  any  salt  body  which  has  moved  from  its  original  position  of  
deposition.    As  seen  in  Figure  1.1,  salt  structures  can  form  in  a  wide  variety  of  shapes.    The  type  of  
structure  that  forms  is  dependent  on  tectonic  setting,  rate  of  sedimentation,  rate  of  salt  movement,  and  
the  volume  of  salt  present.    Salt  structures  can  be  found  in  over  120  basins  worldwide  (Figure  1.2;;  Hudec  
and  Jackson,  2007).    
Within  these  basins,  the  unique  physical  properties  of  salt  structures  may  impact  adjacent  
hydrologic  systems  in  several  ways.  First,  salt  is  relatively  impermeable  and  will  serve  as  a  barrier  to  flow  
when  present  in  significant  quantities  (Warren,  1999;;  Smith  et  al.,  2012).    Next,  salt  has  a  high  thermal  
conductivity,  as  high  as  5.13  W/mK  (Warren,  2006).    Thus,  salt  can  redistribute  heat  within  a  basin,  
changing  the  temperature  of  nearby  fluids  and  thereby  inducing  density-driven  fluid  flow.  Third,  salt  may  
be  dissolved  by  basinal  fluids  in  certain  settings.    This  dissolution  may  also  drive  flow  by  producing  
density  differentials.    Fourth,  salt  movement  will  impact  sediment  deposition  in  the  vicinity  of  salt.    
Halokinesis,  or  salt  movement,  will  control  the  facies  deposited,  facies  thickness,  facies  geometry,  and  
the  distribution  of  permeable  and  impermeable  units  (Giles  and  Rowan,  2012).    Finally,  salt  movement  
may  also  deform  the  surrounding  stratigraphy;;  folds,  faults,  and  fractures  may  all  develop  as  a  result  of  
salt  movement.  Due  to  the  interplay  of  these  variables,  the  movement  and  storage  of  fluids  in  the  vicinity  
of  salt  is  complex.  
The  movement  and  storage  of  fluids  near  salt  has  the  potential  to  impact  multiple  economically  
significant  hydrologic  systems.    Salt  basins,  and  the  fluids  within,  are  an  important  and  expanding  
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Figure 1.1: Schematic of possible salt structure geometries. (a) Structures that originate from line
sources. (b) Structures that originate from point sources. From Hudec and Jackson (2007).
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Figure 1.2: Global distributions of basins that have experienced salt tectonics. Salt basins that have seen
no salt deformation have been excluded. AD South Adriatic; AG Agadir; AL Atlas; AM Amadeus; AN
Appenines; AP Appalachian Plateau; AQ Aquitaine; AR Arabian; AT Atacama; AZ Amazon; BB Bohai Bay;
BC Baltimore Canyon; BE Betic; BG Benguela–Namibe; BL Balearic; BP Bonaparte; BR Berrechid; CA
Carson; CB Cuban; CG Canning; CL Cicilia–Latakia; CK Cankiri; CN Carnavon; CP Campos; CR
Carpathian; CS Chu–Sarysu; CT Cantabrian–West Pyrenees; DD Dnepr–Donetz; DK Danakil; DS Dead
Sea; EA East Alpine; EB Ebro; EM Emirates; EN Eritrean; ER Essaouira; ES Espirito Santo; ET East Texas;
FL Flinders; FP Flemish Pass; GB Guinea-Bissau; GC Gulf Coast; GE Georges Bank; GK Great
Kavir–Garmsar–Qom; GN Gabon; GQ Guadalquivir; HB Haltenbanken; HM Hadhramaut–South Yemen;
HP Haymana–Polatli; HS Horseshoe; HT Haitian; IL Iljac–Tabriz; IO Ionian; JA Jeanne d'Arc; JH Jianghan;
JU Jura; KH Khorat; KL Kalut; KM North Kerman; KQ Kuqa; KT Katanga; KW Kuwait; KZ Kwanza; LC
Lower Congo; LG Ligurian; LP La Popa; LU Lusitanian; LV Levantine; MA Maestrat; MD Mandawa; MJ
Majunga; MK Mackenzie; MN Moesian; MO Moncton; MP Mississippi; MS Messinian; MT Mauritania;MZ
Mozambique; NK Nordkapp; NL North Louisiana; OF Officer; OM Oman–Fahud; OR Orpheus; OU
Oriente–Ucayali; PA Palmyra; PC Pricaspian; PI Parry Islands–Central Ellesmere; PT Petenchiapas; PX
Paradox; PY Pripyat; QD Qaidam; RF Rufiji; RH Rhodanian; RM Rio Muni; SA Sabinas; SB Sable; SC
Sicilian; SE Senegal; SF Safi; SG Sergipe–Alagoas; SI Saltville; SK Somali–Kenya; SL Salina–Sigsbee; SN
Santos; SR Salt Range; SS Scotian Slope; ST South Texas; SU Suriname; SV Sverdrup; SW South Whale;
SZ Suez; TD Tadjik; TF Tarfaya; TK Takutu; TM Timan; TR Tromsø; TV Transylvanian; TY Tyrrhenian;
WH Whale; YE Yemeni; ZG Zagros; ZQ Zipaquira; ZS Zechstein. From Hudec and Jackson (2007).
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component  of  global  hydrocarbon  production.    Producing  basins  include  the  northern  Gulf  of  Mexico,  
North  Sea,  Santos  Basin,  and  Lower  Congo  Basin  (Hudec  and  Jackson,  2007;;  Hearon  IV  et  al.,  2015b).    
Many  economic  ore  deposits  may  also  be  found  in  salt  basins,  e.g.  the  Kupferschiefer  of  the  Zechstein  
Basin  (Jowett,  1986;;  Oszczepalski,  1999).    Additionally,  salt-related  fluid  systems  may  impact  the  
feasibility  of  salt  structures  as  waste  repositories  (Chaturvedi,  1986;;  Alkattan  et  al.,  1997a;;  1997b;;  
Wagner  and  Jackson,  2011).  Therefore,  advancing  our  knowledge  of  salt  structures  and  the  fluid  systems  
around  them  is  both  economically  beneficial  and  academically  intriguing.      

Formation  of  Salt  Structures  

Salt  is  mechanically  weak  and  is  easily  deformed  under  low  differential  stresses  (Weijermars  et  
al.,  1993;;  Hudec  and  Jackson,  2007).    Under  normal  circumstances,  salt  will  deform  visco-elastically  
(Weijermars  et  al.,  1993;;  Hudec  and  Jackson,  2007).    In  the  field,  salt  has  been  observed  to  flow  as  a  
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fluid  at  normal  geologic  strain  rates,  10   s   (comparable  to  rock  deformation  in  an  active  orogen)  to  10   
-1

s   (active,  wet-salt  glacier  with  a  rise  rate  of  2  meters/year)  (Jackson  and  Vendeville,  1994;;  Warren,  
1999).    Therefore,  geoscientists  typically  think  of  salt  as  a  purely  viscous  material  that  will  flow  when  a  
differential  load  is  present  (Hudec  and  Jackson,  2007).  
A  differential  load  may  be  produced  by  three  potential  types  of  loading:  gravitational,  
displacement,  and  thermal.    Gravitational  loading  is  a  combination  of  overburden  weight  and  gravitational  
body  forces  acting  within  salt  (Hudec  and  Jackson,  2007).    Gravitational  loading  is  commonly  referred  to  
as  head;;  salt  will  flow  from  high  head  to  low  head  (Figure  1.3a  –  1.3c).    Displacement  loading  is  the  
forced  displacement  of  one  boundary  relative  to  another  and  typically  affects  existing  salt  structures  
during  regional  extension  or  shortening  (Figure  1.3d,1.3e;;  Hudec  and  Jackson,  2007).    Thermal  loading  is  
a  result  of  volume  changes  due  to  temperature  variations;;  hot  salt  will  expand  (Hudec  and  Jackson,  
2007).    Salt  will  continue  to  move  until  forces  resisting  flow  overcome  the  differential  load  driving  flow.  
Salt  flow  is  resisted  by  the  strength  of  the  overburden  and  boundary  drag  (Hudec  and  Jackson,  
2007).    When  a  thick,  competent  roof  of  overburden  is  present,  salt  does  not  have  the  mechanical  

(a)

5

(b)

(c)

(d)

Uplifted Salt

Displacement
load
Original outline
of salt

(e)

Uplifted Salt
Displacement
load

Original outline
of salt

t = overburden thickness
z = elevation
ρ = density
Figure 1.3: Schematics depicting five scenarios in which salt is loaded. (a) Gravitational load;
pressure head differential driving salt from Point 1 to Point 2. (b) Gravitational load; elevation head
differential driving salt from Point 1 to Point 2. (c) No head differential; salt does not flow.
(d) Displacement load in a compressional setting. (e) Displacement load in an extensional setting.
From Hudec and Jackson (2007).
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strength  to  move  through  the  overburden.    Salt  flow  may  also  be  prevented  by  boundary  drag  between  
the  surrounding  rock  and  salt  (Wagner  and  Jackson,  2011).    However,  drag  is  only  significant  in  
preventing  flow  in  thin  salt  bodies;;  analytical  modeling  suggests  boundary  drag  is  only  significant  in  salt  
bodies  less  than  50  meters  thick  (Wagner  and  Jackson,  2011).      
The  nature  of  salt  flow,  and  the  geometry  of  the  resulting  salt  structure,  is  kinematically  linked  to  
the  forces  driving  it,  which  may  be  regional  deformation  or  local  sediment  accumulation.    These  drivers  
result  in  three  types  of  diapiric  growth:  reactive,  active,  and  passive  (Figure  1.4)  (Jackson  et  al.,  1994;;  
Hudec  and  Jackson,  2007).    Reactive  diapirs  form  when  competent  overburden  is  deformed  in  some  way,  
creating  accommodation  space  for  the  underlying  salt  to  fill  (Vendeville  and  Jackson,  1992;;  Nilsen  et  al.,  
1995).    Within  active  diapirs,  salt  forcibly  moves  overburden,  which  is  only  possible  after  competent  
overburden  has  been  significantly  thinned  by  regional  deformation  or  erosion.    Therefore,  active  diapirism  
commonly  follows  reactive  diapirism.    Passive  diapirs  grow  as  adjacent  sediment  is  being  deposited.    The  
top  of  a  passive  diapir  will  remain  at  or  near  the  seafloor  or  ground  surface  while  it  is  growing;;  a  thin,  
incompetent  roof  may  be  present.    Two-dimensional  cross-section  reconstructions  and  forward  kinematic  
modeling  have  shown  that  the  geometry  of  passive  diapirs  is  related  to  the  rate  of  sediment  accumulation  
vs.  the  rate  of  salt  movement  (Jackson  et  al.,  1994;;  Talbot,  1995;;  Giles  and  Rowan,  2012).      
When  the  rate  of  salt  movement  is  greater  than  the  rate  of  sediment  accumulation,  salt  may  begin  
to  advance  laterally  on  the  seafloor  or  ground  surface  as  an  allochthonous  sheet.    Allochthonous  salt  is  
defined  as  a  sheet-like  body  that  is  emplaced  at  a  younger  stratigraphic  level  than  its  autochthonous  
source  (Hudec  and  Jackson,  2006)  and  may  be  initiated  by  a  number  of  mechanisms.    First,  roof  erosion  
may  allow  salt  to  advance  laterally  (Figure  1.5a).    Second,  the  diapir  may  have  been  exposed  at  the  
surface,  allowing  for  lateral  advance  following  an  increase  in  salt  rise  rate  relative  to  sediment  
accumulation  rate  (Figure  1.5b).    Third,  piston-like  uplift  of  the  roof  by  a  salt-top  fault  may  allow  for  roof  
erosion  and  lateral  advance;;  this  mechanism  is  termed  salt-top  breakout  (Figure  1.5c;;  Hearon  IV  et  al.,  
2015b).    Fourth,  a  salt-edge  fault  may  uplift  the  roof,  again  allowing  for  roof  erosion  and  lateral  advance  
(Figure  1.5d);;  Hearon  IV  et  al.  (2015b)  termed  this  mechanism  salt-edge  breakout.    In  the  above  cases,  
initiation  follows  an  abrupt  change  in  the  rate  of  salt  rise  relative  to  the  rate  of  sediment  accumulation.    In  
the  final  case,  a  gradual  increase  in  the  rate  of  salt  rise  relative  to  the  rate  of  sediment  accumulation  
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Figure 1.4: Block diagrams depicting the three styles of diapir growth. P = stress from salt pressure.
V = stress from salt viscosity. B = stress from brittle overburden strength. From Jackson et al. (1994).
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(a) Simple roof erosion

Diapir

Salt Sheet

Roof Erosion

Roof

Diapir

Diapir

Diapir

(b) No roof deposition
No Roof

Diapir

Salt Sheet

Diapir

(c) Salt-top breakout

Diapir

Diapir

Salt Sheet

Piston-like Uplift

Diapir

(d) Salt-edge breakout

Diapir

Diapir

Diapir
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Piston-like Uplift
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(e) Gradual flaring
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Figure 1.5: Conceptual models of salt sheet initiation. All models progress through time from left to
right. (a) Simple erosion of a competent roof exposes the diapir, allowing it to advance laterally. (b) No
roof is deposited; therefore, an increase rate of salt rise relative to sediment accumulation will facilitate
salt sheet advance. (c) Piston-like uplift inboard of the diapir edge along with roof erosion allows sheet
initiation. (d) Piston-like uplift at the diapir edge along with roof erosion allows sheet initiation; this fault
may be long lived or short lived, which may alter the geometry of surrounding strata. (e) A gradual
increase in the rate of salt rise relative to the rate of sediment accumulation causes the diapir to flare
and advance laterally. Modified from Hearon IV et al. (2015b).
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occurs,  creating  a  diapir  that  gradually  flares  out  until  salt  may  advance  horizontally  (Figure  1.5e;;  Hearon  
IV  et  al,  2015b).      
Once  allocthonous  salt  has  been  initiated,  there  are  three  mechanisms  by  which  it  can  advance:  
extrusive,  open-toed,  and  thrust  advance  (Figure  1.6;;  Hudec  and  Jackson,  2006;;  Hearon  IV  et  al.,  
2015b).    Extrusive  advance  is  characterized  by  a  sheet  at  the  surface  with  no  roof;;  flow  is  achieved  by  
simple  shear  at  the  base  of  the  sheet.    Salt  is  supplied  solely  by  flow  up  the  feeder  structure  (Hudec  and  
Jackson,  2006).    Open-toed  advance  is  characterized  by  a  sheet  that  is  mostly  covered  by  a  competent  
roof  but  has  an  extrusive  toe.    Open-toed  advance  has  similar  mechanics  to  extrusive  advance;;  however,  
unlike  extrusive  advance,  salt  is  fed  from  both  the  feeder  structure  and  salt  displaced  by  sediment  
subsiding  into  the  rear  of  the  sheet  (Hudec  and  Jackson,  2006).    Thrust  advance  is  characterized  by  a  
buried  sheet.    The  sheet  and  its  roof  are  advanced  in  the  hanging  wall  of  a  thrust  (Hudec  and  Jackson,  
2006;;  Hudec  and  Jackson,  2009);;  the  thrust  may  be  driven  by  gravity  or  tectonics.    A  single  sheet  may  
undergo  multiple  types  of  advance  throughout  its  history  (Hudec  and  Jackson,  2006).    Allochthonous  salt  
sheets  will  continue  to  advance  until  forces  resistive  of  flow  overcome  the  differential  load  driving  flow  or  
the  supply  of  salt  is  exhausted.    Once  pinned,  further  deposition  and  burial  may  lead  to  the  evacuation  of  
salt  from  the  sheet.  
A  salt  weld  is  a  discordant  surface  resulting  from  the  evacuation  (i.e.  halokinetic  removal)  of  salt  
(Jackson  and  Cramez,  1989;;  Jackson  and  Talbot,  1991).    Jackson  and  Cramez  (1989)  further  defined  a  
weld  as  a  salt  structure  that  joins  two  bodies  of  rock  that  were  formerly  separated  by  salt.    Welds  form  by  
a  combination  of  two  process:  viscous  flow  and  salt  dissolution  (Wagner  and  Jackson,  2011).    As  salt  
thins,  boundary  drag  makes  it  increasingly  difficult  to  evacuate  the  remaining  salt.    Therefore,  to  
completely  rid  a  surface  of  salt,  both  viscous  flow  and  dissolution  are  necessary  in  most  cases.    Wagner  
and  Jackson  (2011)  defined  four  types  of  welds:  1)  a  complete  weld  contains  no  remnant  salt,  2)  an  
incomplete  weld  contains  up  to  50  meters  of  remnant  salt,  3)  a  discontinuous  weld  is  both  complete  and  
incomplete  along  its  length  or  in  three  dimensions,  and  4)  an  apparent  weld  appears  completely  free  of  
salt  at  the  scale  of  observation.    Welds  may  form  at  either  the  autochthonous  or  allochthonous  level  
(Figure  1.7).    Autochthonous  welds,  also  termed  primary  welds,  are  generally  parallel  or  subparallel  to  
bedding  and  are  a  result  of  welding  of  the  autochthonous  layer  or  “mother  salt”.    Vertical  welds,  also  
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Figure 1.6: Schematic models of salt sheet advance. Solid white lines were originally drawn as a
rectangular grid; therefore, they represent salt movement over time. Because the grid was originally
drawn at an arbitrary time, the lines represent incremental strain within the salt sheet. From Hudec and
Jackson (2006).
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Figure 1.7: Conceptual cross section modeled after geometries observed in the Lower
Congo Basin. Welding has occured at the autochthonous level, vertically, and at the
allochthonous level. A weld is represented with two filled circles, one of each side of
the structure. Modified from Jackson et al. (2008).
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termed  secondary  welds,  form  by  the  evacuation  of  a  salt  diapir  or  salt  wall.    Allochthonous  welds,  also  
termed  tertiary  welds,  form  by  the  welding  of  an  allochthonous  salt  sheet;;  these  welds  are  generally  
parallel  or  subparallel  to  bedding.    Welds  are  common  in  many  mature  salt  basins,  such  as  the  Gulf  of  
Mexico  Basin,  Lower  Congo  Basin,  and  Santos  Basin  (Heidari  et  al.,  2016).    

Fluids  in  the  Vicinity  of  Salt  Structures  

Fluid  systems  in  the  vicinity  of  salt  structures  are  of  interest  for  three  reasons:  1)  they  impact  the  
movement  and  storage  of  hydrocarbons,  2)  they  influence  the  distribution  of  mineralizing  fluids,  and  3)  
they  impact  the  feasibility  of  salt  structures  as  waste  repositories.    The  movement  and  storage  of  fluids  
near  salt  structures  are  studied  through  numerical  modeling;;  the  analysis  of  present  day-systems,  usually  
through  seismic  and  borehole  studies;;  and  the  analysis  of  paleohydrologic  systems,  typically  through  field  
work  and  geochemical  analysis  of  rocks  and  veins.  
Within  salt-related  fluid  systems,  two  major  processes  are  taking  place:  salt  dissolution  and  
temperature  changes.    Both  processes  drive  flow  by  creating  fluid  density  differentials  that  together  create  
a  thermohaline  circulation  system  (Evans  et  al.,  1991).    Thermohaline  circulation  will  control  fluid  
movement  near  salt,  which  may  impact  where  petroleum  is  trapped  and  ore  minerals  are  precipitated.    
Thermohaline  circulation  can  also  affect  heat  transport  and  the  thermal  structure  of  rocks  in  the  vicinity  of  
salt,  which  is  important  in  the  maturation  of  hydrocarbons  (Warren,  1999).  By  studying  present-day  fluid  
systems,  paleohydrologic  systems,  and  conducting  numerical  models,  geoscientists  can  gain  a  better  
understanding  of  how  thermohaline  circulation,  salt-sediment  interactions,  and  halokinetic  deformation  
interact  to  control  the  movement  and  storage  of  fluids  near  salt.      
Numerical  modeling  studies  allow  geoscientists  to  investigate  the  multiple  variables  that  interact  
near  salt  and  how  they  may  cooperate  in  a  natural  system.    From  numerical  models,  it  is  predicted  that  
upward  flow  along  the  diapir  will  develop  when  thermal  effects  are  dominant  (Figure  1.8a)  (Ranganathan  
and  Hanor,  1988;;  Evans  et  al.,  1991;;  Wilson  and  Ruppel,  2007).    When  salt  dissolution  is  the  dominant  
driver,  downward  flow  along  the  diapir  is  predicted  to  develop  (Figure  1.8b)  (Ranganathan  and  Hanor,  

13

(a)

(b)

Figure 1.8: Schematic of fluid movement near a simple salt diapir. Dashed lines represent
constant fluid density. (a) Upward convection driven by thermal effects. (b) Downward
convection driven by salt dissolution. From Wilson and Ruppel (2007).
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1988;;  Evans  et  al.,  1991;;  Wilson  and  Ruppel,  2007).    To  test  these  model  predictions,  present-day  and  
paleohydrologic  systems  are  studied.  
Although  most  numerical  models  are  highly  simplified  and  do  not  include  faults  in  the  areas  
surrounding  diapirs,  studies  of  present-day  systems  generally  confirm  the  predictions  of  numerical  
models.    Hanor  (1987)  showed  that  when  a  diapir  is  armored  against  salt  dissolution,  thermal  effects  
exert  the  dominant  control  on  the  near-salt  fluid  system,  and  upward  flow  develops.    A  diapir  may  be  
armored  against  dissolution  by  a  shale  sheath,  which  is  the  result  of  fine-grained  sediment  deposition  
around  the  bathymetric  high  created  by  a  salt  diapir.    In  contrast,  Bruno  and  Hanor  (2003)  and  Steen  et  
al.  (2011)  reported  strong  downward  flow  in  areas  with  significant  dissolution.    In  these  examples  from  the  
Gulf  of  Mexico  Basin,  salinity-related  fluid  density  changes  are  too  great  for  thermal  effects  to  overcome.    
Incorporating  faults  in  future  numerical  models  is  important  because  multiple  studies  show  that  faults  can  
impact  fluid  systems  by  venting  overpressured  fluids  into  younger  sediments  or  by  compartmentalizing  
fluids  (Figure  1.9;;  Posey  and  Kyle,  1988;;  Esch  and  Hanor,  1995;;  Roberts  and  Nunn,  1995;;  Banga  et  al.,  
2002).    The  behavior  of  a  fault,  whether  it  is  a  barrier  or  conduit,  may  change  over  time  through  the  
development  of  fractures,  closure  of  fractures  as  a  result  of  decreases  in  fluid  pressure,  thermal  
expansion  of  wall  rocks,  or  the  precipitation  of  minerals  in  the  fault  zone  (Roberts  and  Nunn,  1995;;  
Roberts  et  al.,  1996).      
A  paleohydrologic  system  is  described  by  the  fluid  type,  fluid  source,  rock  type,  flow  paths,  and  
mechanical  and  chemical  interactions  between  them  at  all  scales  (Pollyea  et  al.,  2015).    These  fluids  no  
longer  remain  in  the  system,  as  it  has  most  likely  been  uplifted  and  exposed  at  the  surface.    However,  the  
geological  record  of  the  paleofluids  is  preserved  in  the  host  rock  and  vein  cements.    These  minerals  
record  the  characteristics  of  paleofluids  from  which  they  precipitated,  as  the  fluids  move  through  the  
matrix  of  the  rock  or  along  fracture  and  fault  networks.    Characteristics  of  the  paleofluids  may  be  used  to  
develop  an  interpretation  of  the  paleohydrologic  system  structure,  which  is  defined  as  the  flow  paths,  fluid  
fluxes,  and  fluid  distribution  within  the  study  area  (Pollyea  et  al.,  2015).    Paleohydrologic  system  studies  
are  not  as  common  as  present-day  system  studies;;  however,  they  are  useful  in  testing  models  of  fluid  
movement  and  storage  in  the  vicinity  of  salt  structures.    The  paleohydrologic  systems  at  three  diapirs  and  
one  vertical  salt  weld  have  been  studied  thus  far  (Smith,  2010;;  Kenroy,  2013).    As  noted  by  Fischer  et  al.  
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Figure 1.9: Schematic of fluid migration near the Iberia Salt Dome, Iberia Parish, Louisiana,
depicting the hydrologic behavior of faults in a present-day system. The left two faults allow
horizontal migration; the middle fault acts as a vertical conduit. From Kenroy (2013). Modified
from Esch and Hanor (1995).
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(2013),  the  structure  of  the  fluid  system  near  each  of  these  diapirs  is  intimately  connected  with  the  
sedimentary  environment  in  which  the  diapir  formed.    Smith  et  al.  (2012)  noted  that  the  structure  of  the  
fluid  system  near  a  secondary  salt  weld  was  heavily  influenced  by  deformation,  primarily  the  presence  of  
fractures,  in  the  vicinity  of  the  weld  (Figure  1.10).      
Studies  have  shown  that  thermohaline  circulation  drives  flow  in  the  vicinity  of  salt  structures.    When  
salt  dissolution  occurs,  it  will  be  the  dominant  driver,  whereas  thermal  effects  will  drive  flow  when  dissolution  
is  absent.    Thermal  effects  may  be  controlled  by  the  geometry  of  the  salt  diapir  and  the  presence  of  low-  
permeability  units  adjacent  to  the  structure  (Canova  et  al.,  2017).    Which  driver  is  dominant  may  depend  
on  the  depositional  environment.    Terrestrial  and  shallow  water  settings,  dominated  by  sands  and  meteoric  
waters,  may  be  more  prone  to  a  flow  regime  dominated  by  salt  dissolution.    On  the  other  hand,  deep-water  
offshore   settings,   dominated   by   shale   sheaths   and   seawater,   may   be   more   prone   to   a   flow   regime  
dominated  by  thermal  effects.    However,  further  studies  are  needed  to  test  this  idea.  
Further  work  combining  field  and/or  subsurface  data  with  numerical  modeling  may  be  the  best  
approach  for  understanding  the  complex  fluid  systems  in  the  vicinity  of  salt  structures.    Studying  salt  
structures  and  their  surrounding  fluid  systems  in  the  field  allows  geoscientists  to  better  constrain  the  
inputs,  geometries,  and  other  conditions  used  in  numerical  models.    Therefore,  studying  natural  systems,  
furthering  our  understanding  of  them,  is  essential  to  creating  accurate  numerical  models.    This  study  aims  
to  add  to  the  existing  small  catalog  of  field  studies  of  paleofluid  systems  in  the  vicinity  of  salt  by  
investigating  the  paleohydrologic  system  near  an  allochthonous  salt  weld.  

Motivation  and  Methodology  

The  objective  of  this  research  is  to  use  the  spatial,  structural,  and  stratigraphic  distribution  of  fluid  
types  to  establish  the  paleohydrologic  system  structure  in  the  vicinity  of  an  allochthonous  salt  weld.    
Rowan  (2004)  presented  theoretical  controls  on  the  hydrologic  behavior  of  welds,  which  include  the  
thickness  and  distribution  of  remnant  evaporite,  the  permeability  of  juxtaposed  lithologies,  stratigraphic  
architecture  of  subweld  reservoirs,  the  presence  of  clay  gouge  (if  the  weld  has  experienced  slip),  and  the  
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Figure 1.10: Schematic of fluid migration in the vicinity of a secondary salt weld/wall. (a) Migration
following Laramide shortening and evacuation of the La Popa salt wall (formation of a vertical
weld. (b) Migration prior to the full extent of Laramide shortening and complete salt evacuation.
From Smith et al. (2012). Modified from Rowan et al. (2012).
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original  base  of  salt  geometry.    This  paleohydrologic  system  study  will  investigate  a  number  of  these  
potential  controls.  
Paleohydrologic  system  studies  aim  to  understand  the  origin,  movement,  and  distribution  of  
paleofluids  in  the  subsurface.    To  adequately  constrain  the  paleohydrologic  system,  multiple  geologic  
characteristics  of  the  study  area  must  be  understood.    One  must  understand  the  fluid  and  rock  types,  how  
fluids  moved  through  the  system,  and  how  structures  and  stratigraphic  architecture  impacted  the  
movement  and  distribution  of  fluids.    In  the  case  of  this  study,  the  paleohydrologic  system  structure  is  
interpreted  by  the  analysis  of  paleofluids  that  moved  through  fracture  networks.    Again,  the  
paleohydrologic  system  structure  may  be  defined  as  the  flow  paths,  fluxes,  and  distribution  of  paleofluids  
(Pollyea  et  al.,  2015).    The  study  of  paleofluids  is  a  multidisciplinary  approach  that  incorporates  multiple  
geologic  tools  to  constrain  characteristics  of  the  paleofluid  system  structure.      
The  tools  used  in  this  study  may  be  divided  into  three  categories:  field  work,  laboratory  analysis,  
and  modeling.    In  the  field,  I  characterized  macroscopic  and  mesoscopic  structural  features.    I  created  a  
detailed  map  to  better  constrain  the  distribution  of  remnant  evaporite  along  the  allochthonous  weld  and  to  
identify  halokinetic  deformation  adjacent  to  the  weld.    I  collected  fracture  data  to  better  understand  the  
deformational  history  of  the  study  area  and  how  stresses  were  transmitted  through  the  weld.    Fracture  
data  included  orientation,  length,  aperture,  and  spacing  measurements  from  joints  and  veins;;  I  also  
sampled  vein  cements  for  laboratory  analysis.      
Laboratory  analyses  can  be  divided  into  three  categories.    First,  I  completed  petrographic  
analyses  to  determine  the  composition,  paragenesis,  and  kinematics  of  the  sampled  vein  material.    
Analyses  included  standard  thin-section  petrography,  scanning  electron  microscope  (SEM)  imaging,  and  
scanning  electron  microscope  cathodoluminescence  (SEM-CL)  imaging.  Next,  I  analyzed  fluid  inclusions  
to  understand  the  composition  of  fluids  and  temperature  at  which  cements  were  precipitated.    I  completed  
a  detailed  characterization  of  the  fluid  inclusion  assemblages  present  and  conducted  microthermometric  
measurements.    I  also  created  a  basin  history  model  to  establish  a  thermal  history  of  the  basin.    I  used  
the  thermal  history  model,  in  conjunction  with  fluid  inclusion  microthermometry,  to  better  constrain  the  
timing  and  source  of  fluids.    However,  this  approach  was  limited  by  the  quality  of  microthermometry  data  
and  limitations  of  the  basin  history  model.    Finally,  I  analyzed  the  stable  isotopic  composition  of  vein  
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cements  to  better  constrain  the  source  of  the  fluids  and  the  paleohydrologic  structure  of  the  field  area.    I  
then  used  these  analyses  to  constrain  the  source  and  composition  of  paleofluids  as  well  as  the  
paleohydrologic  system  structure  of  the  study  area.      

CHAPTER  2:  STRUCTURAL  GEOLOGY  AND  HISTORY  OF  THE  WILLOURAN  RANGES,  

SOUTH  AUSTRALIA  

The  Adelaide  Fold  Belt  of  South  Australia  (Figure  2.1)  has  been  studied  by  geologists  for  at  least  
sixty  years.    The  fold  belt  outcrops  as  the  Flinders,  Willouran,  Mount  Lofty,  Peake,  and  Denison  Ranges.    
Complex  structural  geometries  and  the  presence  of  what  is  now  recognized  as  diapiric  breccia  were  
formerly  interpreted  as  the  result  of  tectonic  décollements  and  brittle  deformation  (Burns  et  al.,  1977;;  
Preiss,  1987;;  Krieg  et  al.,  1991).    Webb  (1960)  and  Mount  (1975)  were  among  the  first  to  propose  that  the  
region  had  been  influenced  by  salt  tectonics,  which  is  now  widely  agreed  upon  by  geoscientists.  
Throughout  the  Flinders  and  Willouran  Ranges,  growth  stratal  geometries,  unconformities,  and  diapir  
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derived  detritus  (D )  are  observed  within  strata  adjacent  to  salt  diapirs,  and  evaporite  mineral  
pseudomorphs  are  commonly  seen  within  strata  that  were  originally  interbedded  with  evaporites  (Hearon  
IV  et  al.,  2015b).    These  observations  support  the  interpretation  that  the  region  was  influenced  by  salt  
tectonics  (Hearon  IV  et  al.,  2015b).      
The  Willouran  Ranges  are  the  northwestern  extension  of  the  Flinders  Ranges  in  South  Australia.    
These  ranges  are  unique  in  that  they  expose  a  primary  and  secondary  minibasin  as  well  as  multiple  salt  
structures  that  have  been  tilted  on  their  side.    Therefore,  the  map  view  of  the  ranges  may  be  thought  of  as  
an  oblique,  cross-sectional  view  of  the  minibasins  and  related  salt  structures.    This  exposure  offers  
geoscientists  an  excellent  opportunity  to  document  the  detailed  structural  and  stratigraphic  characteristics  
of  both  the  salt  structures  and  their  adjacent  rocks.    Doing  this  is  the  first  step  in  testing  models  of  various  
salt  tectonic  process  (i.e.  Harrison  and  Patton,  1995;;  Hudec  and  Jackson,  2006;;  Hearon  et  al.,  2015b)  in  
the  field.    
This  study  investigates  the  deformation  and  paleohydrologic  structure  of  the  Willouran  Salt  Weld  
in  the  Willouran  Ranges,  South  Australia.    The  Willouran  Salt  Weld  has  been  identified  by  others,  most  
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Figure 2.1: Geologic provinces of the Adelaide Fold Belt, South Australia. The region of this study
is indicated by the red box. Modified after Preiss (2000) and Hearon IV et al. (2015a).
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recently  Hearon  IV  et  al.  (2015a),  who  refer  to  it  as  Weld  A.    This  chapter  focuses  on  the  structural  
evolution  of  the  Willouran  Salt  Weld,  which  I  interpret  from  structural  geometries  identified  during  new,  
1:10,000-scale  mapping  and  detailed  documentation  of  deformation  patterns  of  strata  surrounding  the  
weld.      

Regional  Geology  and  Tectonic  History  

The  Adelaide  Fold  Belt  is  made  up  of  four  geologic  provinces:  the  Fleurieu  Arc,  Nackara  Arc,  
Central  Flinders,  and  Northern  Flinders  (Figure  2.1);;  each  province  may  be  defined  by  the  orientation  and  
magnitude  of  shortening  it  experienced  (Preiss,  2000).    To  the  west,  the  Torrens  Hinge  Zone,  a  slightly  
deformed  structural  lineament  (Hearon  IV  et  al.,  2015a),  separates  the  fold  belt  from  the  mostly  
undeformed  Gawler  Craton  and  the  Stuart  Shelf  (Preiss,  1993).    To  the  east,  the  Adelaide  Fold  Belt  is  
bordered  by  the  Curnamona  Cratonic  Nucleus  and  Murray  Basin  (Preiss,  2000).    Rifting  of  the  Gawler  
Craton  to  the  west  and  Curnamona  Cratonic  Nucleus  to  the  east,  which  began  between  1000  and  827  Ma  
(Moores,  1991;;  Preiss,  2000),  led  to  the  formation  of  the  Adelaide  Basin,  the  precursor  to  the  Adelaide  
Fold  Belt.    The  Adelaide  Basin  was  an  area  of  deep  subsidence  and  thick  sediment  accumulation;;  the  
maximum  depositional  thickness  is  thought  to  be  around  40,000  feet  (Sprigg,  1949).    The  stratigraphy  of  
the  basin  may  be  divided  into  three  supergroups,  with  two  major  depositional  hiatuses  (Figure  2.2;;  Preiss,  
2000;;  Backé  et  al.,  2010;;  Hearon  IV  et  al.,  2015a).      
The  Warrina  Supergroup  contains  the  Callanna  and  Burra  Groups.    Deposition  of  the  Warrina  
began  ~825  Ma  and  continued  until  ~745  Ma  (Backé  et  al.,  2010;;  Hearon  IV  et  al.,  2015a).    Subsidence  
during  this  time  was  primarily  related  to  rifting  (Paul  et  al.,  1999).    The  Callanna  Group  is  a  layered  
evaporite  sequence  that  has  played  an  important  role  in  controlling  the  structural  and  stratigraphic  
evolution  of  the  Adelaide  Fold  Belt.    According  to  Hearon  IV  et  al.  (2015a),  these  mixed  carbonate,  shale,  
and  evaporite  rocks  likely  began  to  flow  very  soon  after  they  were  deposited,  coincident  with  and  in  
response  to  deposition  of  the  overlying  Burra  Group.    Most  salt  diapirs  comprising  the  Callanna  Group  
rocks  are  thought  to  have  been  passive  for  a  majority  of  their  history  (Hearon  IV  et  al,  2015a).      
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Major hiatus

Major unconformity

Figure 2.2: Stratigraphy of the Adelaide Fold Belt. Age control, when available, is presented on the
left. Tectonic events are indicated to the right. Stratigraphy in blue are the focus of this study.
From Hearon IV et al. (2015a).
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The  Heysen  Supergroup  is  made  up  of  the  Umberatana  and  Wilpena  Groups  and  is  separated  
from  the  Warrina  by  a  major  hiatus.    Deposition  of  the  Heysen,  which  is  composed  primarily  of  
glaciomarine  strata,  began  ~700  Ma  and  continued  until  ~540  Ma  (Backé  et  al.,  2010;;  Hearon  IV  et  al.,  
2015a).    Subsidence  during  this  time  was  related  to  thermal  subsidence  following  active  rifting  (Paul  et  
al.,  1999).    A  second  major  hiatus  separates  the  Heysen  from  the  Moralana  Supergroup,  which  was  
deposited  from  ~530  Ma  until  the  onset  of  the  Delamerian  Orogeny  (Backé  et  al.,  2010;;  Hearon  IV  et  al.,  
2015a),  at  which  point  thermal  subsidence  ceased  and  uplift  began.    
The  Delamerian  Orogeny  shortened  Neoproterozoic  through  Cambrian  strata  in  the  Adelaide  Fold  
Belt  (Preiss,  2000;;  Hearon  IV  et  al.,  2015a).    The  orogeny  is  thought  to  have  a  maximum  onset  age  of  
522  +/-  2  Ma,  established  by  a  zircon  U-Pb  age  from  the  base  of  a  pre-Delamerian  Lower  Cambrian  tuff  
(Foden  et  al.,  2006).    Delamerian  uplift  is  believed  to  have  ended  at  492  +/-  2  Ma  (Foden  et  al.,  2006).    
There  are  two  main  interpretations  of  the  direction  of  Delamerian  shortening.    First,  Preiss  (1987)  and  
others  have  interpreted  two  stages  of  shortening  with  differing  orientations.    An  early  stage  was  
dominated  by  NNW-directed  shortening,  followed  by  later  E-W-directed  shortening  (Preiss,  1987;;  Drexel  
and  Preiss,  1995;;  Preiss,  2000).    Second,  Rowan  and  Vendeville  (2006)  suggest  that  the  apparent  
orientation  of  shortening  was  controlled  by  the  presence  and  orientation  of  existing  salt  structures  and  
thus  varies  widely  throughout  the  region.    Delamerian  shortening  also  took  advantage  of  existing  
weaknesses  by  inverting  rift-related  normal  faults  (Paul  et  al.,  1999).    Overall,  the  timing  of  sedimentation  
in  the  Adelaide  Basin  and  the  timing  and  shortening  orientation  of  the  Delamerian  Orogeny  are  poorly  
constrained.    It  is  likely  that  the  Adelaide  Fold  Belt  experienced  post-Delamerian  sediment  accumulation  
and  deformation  as  well.    Triassic  coal  measures  at  Leigh  Creek,  south  of  the  Willouran  Ranges,  suggest  
the  area  was  buried  deep  enough  to  mature  organic  matter  into  coal.    Also,  some  authors  suggest  that  
the  present-day  topography  of  the  Flinders  Ranges  is  a  result  of  the  more  recent  (4-6  Ma)  Sprigg  
Orogeny  (Sandiford  et  al.,  1998;;  Backé  et  al.,  2010).    However,  the  geologic  record  of  post-Delamerian  
deposition  has  been  removed  throughout  a  majority  of  the  region  and  constraints  on  the  extent  and  
impact  of  the  Sprigg  Orogeny  are  limited.  
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Geology  of  the  Willouran  Ranges  

  

The  Willouran  Ranges  expose  the  Warrina  Supergroup  and  the  lower  Heysen  Supergroup  

(Figure  2.3),  as  well  as  multiple  salt  structures.    The  structure  and  stratigraphy  of  the  ranges  have  been  
studied  and  described  by  multiple  authors  (e.g.  Forbes,  1990;;  Dyson,  2004;;  Hearon  IV  et  al.,  2010),  most  
recently  Hearon  IV  et  al.  (2015a)  (Figure  2.4);;  the  following  stratigraphic  and  structural  descriptions  will  be  
based  largely  on  the  work  of  these  authors.    The  Willouran  Ranges,  as  with  a  majority  of  the  Adelaide  
Fold  Belt,  have  been  influenced  by  the  movement  of  the  Callanna  Group.    The  Callanna  Group  is  
stratigraphically  complex;;  it  consists  of  interbedded  evaporites,  siliciclastics,  carbonates,  and  volcanics  
(Forbes,  1990;;  Hearon  IV  et  al.,  2015a).    In  the  study  area,  the  Callanna  Group  is  not  exposed  in  its  
original,  undeformed  sequence;;  description  of  the  group  provided  by  Hearon  IV  et  al.  (2015a)  and  others  
is  exclusively  based  on  exposures  of  diapiric  breccia.    Diapiric  breccia  formed  as  a  result  of  movement  
and  deformation  of  the  Callanna  Group  followed  by  or  coincident  with  dissolution  and  alteration  of  
evaporite  minerals.    The  breccia  commonly  consists  of  centimeter-  to  decameter-scale  blocks;;  however,  
kilometer-scale  blocks  are  also  present.    The  size  of  breccia  blocks  can  make  it  difficult  to  identify  and  
map  this  unit.    Another  complicating  factor  is  the  overlying  conglomeritic  units,  which  may  be  difficult  to  
distinguish  from  the  diapiric  breccia.  
  

The  Burra  Group  consists  primarily  of  dolomite  and  sandstone;;  characteristics  within  the  strata  

indicate  deposition  in  a  shallow-water  setting  (Figure  2.3).    The  Emeroo  Subgroup  is  the  oldest  subgroup  
within  the  Burra  Group  and  conformably  overlies  the  Callanna.    The  Emeroo  contains  the  Top  Mount  
Sandstone,  Willawalpa  Formation,  and  Witchelina  Quartzite,  which  are  dominantly  quartz  arenite  to  
quartzite.    The  Mundallio  Subgroup  overlies  the  Emeroo  Subgroup  and  contains  the  Camel  Flat  Shale  
and  the  Skillogalee  Dolomite.    The  Skillogalee  is  further  divided  into  the  Twenty  Mile  Hill  Member  and  Old  
Mount  Nor  West  Member.    These  members  are  described  as  primarily  dolomite  and  quartz  arenite,  
respectively.    However,  in  the  study  area  of  this  project,  both  members  are  commonly  quartzite.    The  
upper  Burra  Group  is  referred  to  as  the  Bungarider  Subgroup  and  contains  the  Myrtle  Springs  Formation,  
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Figure 2.3: Neoproterozoic stratigraphy of the Willouran Ranges. Unit colors are
consistent with the geologic maps presented. From Hearon IV et al. (2015a).
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Figure 2.4: Geologic map of the Willouran Ranges. The black box indicates the area of new, higher
resolution mapping from this study. Modified after Hearon IV et al. (2015a).
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which  is  not  present  in  the  area  of  this  study  (Figure  2.4).    A  major  hiatus  separates  the  Burra  Group  from  
the  overlying  Umberatana  Group.  
The  Umberatana  Group,  as  a  member  of  the  Heysen  Supergroup,  is  dominated  by  glaciomarine  
sediments.    The  Lower  Umberatana  is  exposed  in  the  study  area  and  contains  the  Tindelpina  Shale,  a  
basal,  laterally  discontinuous  black  shale.    The  Tindelpina  Shale  can  be  identified  by  the  presence  of  
meter-scale  dropstones  of  carbonate  and  conglomerate.    The  remaining  Lower  Umberatana  is  
undifferentiated  throughout  the  study  area  but  is  dominated  by  well-rounded,  pebble  to  boulder  
conglomerates.      
The  geometries  of  the  Callanna,  Burra,  and  Lower  Umberatana  Groups  shed  light  on  the  complex  
geologic  history  of  the  Willouran  Ranges  (Figure  2.5).    Deposition  of  the  Callanna  Group  began  soon  after  
rifting  of  the  Gawler  Craton  and  Curnamona  Cratonic  Nucleus  began.    The  Callanna  subsequently  began  
to  move  from  its  autochthonous  level  following  deposition  of  the  Emeroo  Subgroup.    Emeroo  deposition  
initiated  growth  of  the  Breaden  Hill  and  Witchelina  Diapirs,  which  lie  at  the  northern  and  southern  ends  of  
the  Burra  Minibasin,  respectively.    Within  the  Burra  Minibasin,  sediments  were  deposited  as  an  expulsion  
rollover,  which  differentially  loaded  the  Callanna  Group.    Based  on  the  geometry  of  the  Burra  Group  
expulsion  rollover,  sediment  was  likely  transported  from  north  to  south,  although  the  true  geometry  and  
transport  direction  is  likely  more  complex  in  three  dimensions.    Deposition  of  the  Burra  Group  across  the  
minibasin  continued  until  upper  Twenty  Mile  Hill  to  lower  Old  Mount  Nor  West  time.      
During  upper  Twenty  Mile  Hill  time  an  allochthonous  salt  sheet  was  initiated  from  the  Breaden  Hill  
Diapir;;  similarly,  during  lower  Old  Mount  Nor  West  time  an  allochthonous  salt  sheet  was  initiated  from  the  
Witchelina  Diapir.    Allochthonous  sheets  spread  laterally  across  the  Burra  Minibasin,  forming  an  
allochthonous  canopy  that  was  likely  kilometers  thick;;  this  canopy  is  hereafter  referred  to  as  the  Willouran  
Salt  Canopy.    Deposition  of  the  Old  Mount  Nor  West  Member  continued  in  the  southern  end  of  the  basin,  
leading  to  subsidence  of  a  secondary  minibasin,  which  also  contains  the  Myrtle  Springs  Formation.    
Multiple  salt  structures  are  present  in  the  secondary  minibasin,  but  these  are  not  discussed  here.    For  
further  discussion  of  these  structures,  please  see  Hearon  IV  et  al.  (2015a).    Finally,  the  Lower  
Umberatana  Group  was  deposited  across  the  extent  of  the  study  area.    Umberatana  deposition  led  to  the  
expulsion  of  salt  from  the  Willouran  Salt  Canopy  and  development  of  the  Willouran  Salt  Weld.      
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Figure 2.5: Qualitative restoration of the Willouran Ranges. From Hearon IV et al. (2015a).
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Basin  History  Modeling  

I  created  a  burial  history  model  of  the  Willouran  Ranges  using  the  software  package  Genesis  by  
ZetaWare,  Inc.    Genesis  is  a  1D  basin  modeling  program  which  allows  for  thickening  and  thinning  of  salt  
in  the  model.    I  created  a  burial  history  model  to  estimate  the  time  variation  of  temperature  throughout  the  
history  of  the  basin  and  to  thereby  constrain  the  timing  of  vein  cement  formation.    This  can  be  done  by  
comparing  homogenization  temperatures  obtained  from  microthermometric  analysis  to  the  thermal  history  
of  the  basin.    The  time  of  vein  cement  precipitation  is  constrained  by  the  points  at  which  homogenization  
temperatures  and  modeled  basin  temperatures  overlap  (e.g.  Smith  et  al.,  2012).    Using  this  method,  other  
indicators  (e.g.  the  presence  of  methane  in  fluid  inclusions)  may  be  used  to  further  distinguish  between  
multiple  potential  precipitation  times.      
I  used  a  transient  state  heat  flow  assumption  to  model  the  thermal  history  of  the  basin.    The  
thermal  history  variation  model  used  was  a  rift  model  with  a  present-day  heat  flow  at  the  base  of  sediment  
2

of  90  mW/m ,  which  is  reported  by  Sandiford  et  al.  (1998)  for  the  northern  Adelaide  Fold  Belt.    Within  
Genesis,  a  rift  thermal  history  variation  model  varies  the  basal  heat  flow  within  the  model  to  simulate  
2

2

rifting.    Heat  flow  within  my  model  begins  at  90  mW/m   and  gradually  increases  to  130  mW/m   during  
2  

rifting;;  it  then  gradually  returns  to  90  mW/m following  rifting.    Rifting  occurs  from  850  Ma  to  700  Ma  within  
the  model  (Figure  2.6).      I  considered  other  thermal  history  variation  models;;  however,  a  rift  model  is  most  
realistic  for  the  Willouran  Ranges.    A  rift  model  is  most  realistic  based  on  evidence  presented  by  Paul  et  
al.  (1999)  that  suggests  that  early  deposition  in  the  region  was  controlled  by  rift-related  normal  faults  and  
later  deposition  was  controlled  by  thermal  subsidence  following  rifting.    The  stratigraphic  inputs  I  used  for  
the  model  were  taken  from  Forbes  (1990),  Preiss  (2000),  and  Hearon  IV  et  al.  (2015a)  and  are  shown  in  
Table  2.1.    The  thickness,  lithology,  and  age  of  each  stratigraphic  unit  are  the  required  inputs  for  basin  
modeling.    Genesis  provided  the  relevant  physical  properties  (e.g.  initial  porosity  and  matrix  density)  of  
each  lithology;;  I  used  the  default  values  provided  by  the  program  (Table  2.2).    Genesis  also  provided  
regional  geologic  properties,  such  as  the  surface  temperature,  which  were  also  kept  as  default  values  
(Figure  2.6).  
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Table 2.1: Stratigraphic inputs of the basin model. Key inputs include the interpolated age, lithology, and thickness. Also included are points
where age control data are available and the percentage of each lithology that makes up any give formation. Data were gathered from Forbes
(1990), Preiss (2000), Backe et al (2010), and Hearon IV et al. (2015a). I gathered Callanna Group, Umberatana Group, Wilpena Group, and
Cambrian stratigraphic inputs from Forbes (1990) and Preiss (2000). I gathered Burra Group inputs from Hearon IV et al. (2015a). I measured
the thickness of Burra Group strata from cross section A-A’ of Hearon IV et al. (2015a).
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Table 2.2: Physical properties of lithologies input into Genesis, a basin modeling software. All values were provided by Genesis and are the
default values for the given lithology.
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I  constrained  the  timing  of  allochthonous  salt  canopy  development  and  eventual  welding  from  the  
work  of  Foden  et  al.  (2006)  and  Hearon  IV  et  al.  (2015a).    Within  the  model,  the  allochthonous  salt  
canopy  began  to  develop  and  thicken  during  upper  Twenty  Mile  Hill  time,  at  745  Ma  (Figure  2.6).    The  
canopy  was  allowed  to  thicken  for  45  million  years,  reaching  a  maximum  thickness  of  3  kilometers,  which  
is  based  on  a  qualitative  restoration  done  by  Hearon  IV  et  al.  (2015a).    Deposition  of  the  Umberatana  
Group  began  at  700  Ma,  which  led  to  thinning  of  the  canopy  (Figure  2.6).    Within  the  model,  the  canopy  
continues  to  thin  until  the  onset  of  the  Delamerian  Orogeny,  which  occurred  at  515  Ma  in  the  model.    By  
this  time,  the  canopy  was  completely  extruded  and  the  Willouran  Salt  Weld  had  formed  (Figure  2.6).      
Using  the  parameters  in  Tables  2.1  and  2.2,  I  conducted  two  end-member  models,  hereafter  
termed  the  rapid  uplift  and  prolonged  uplift  models  (Figure  2.7).    In  the  rapid  uplift  model,  uplift  associated  
with  the  Delamerian  Orogeny  occurs  within  a  short,  25-million-year  time  span.    In  the  prolonged  uplift  
model,  uplift  associated  with  the  Delamerian  Orogeny  occurs  over  a  long,  515-million-year  time  span.    
Within  a  given  model,  uplift  rates  are  constant  over  the  associated  time  span.    Regardless  of  the  model,  
there  was  typically  less  than  a  5°C  difference  between  the  maximum  temperatures  attained  by  the  Twenty  
Mile  Hill  Formation  and  Lower  Umberatana  Group  (Figure  2.7).    As  a  result,  the  following  discussion  
focuses  on  the  results  and  implications  of  the  more  conservative  prolonged  uplift  model.    I  particularly  
focus  my  discussion  on  the  burial  history  of  the  Twenty  Mile  Hill  Formation  and  Umberatana  Group  
because  these  are  the  unit  from  which  I  collected  the  majority  of  my  samples.      
As  shown  in  Figure  2.7a,  every  unit  in  the  prolonged  uplift  model  reaches  its  maximum  
temperature  prior  to  the  onset  of  the  Delamerian  Orogeny,  between  550  Ma  and  500  Ma.    The  maximum  
temperature  to  develop  anywhere  in  the  model  is  510°  C,  in  the  Black  Knob  Marble  at  the  base  of  the  
Callanna  Group  (Figure  2.7).    The  maximum  temperature  achieved  in  the  upper  Twenty  Mile  Hill  
Formation  was  243°  C,  at  550  Ma  (Figure  2.8).    The  maximum  temperature  achieved  in  the  Lower  
Umberatana  Group  was  226°  C,  at  515  Ma  (Figure  2.8).    The  high  thermal  conductivity  of  salt  effectively  
pulls  heat  up  from  the  lower  parts  of  the  basin,  elevating  the  temperature  of  the  shallower  parts  of  the  
basin.    Development  of  the  salt  canopy  consequently  resulted  in  an  increase  in  geothermal  gradient,  
which  slowly  decreased  as  the  canopy  thinned.    Following  welding,  the  geothermal  gradient  of  the  basin  
returned  to  a  value  similar  to  the  pre-salt  geothermal  gradient.  
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(a) Prolonged Uplift Model
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(b) Rapid Uplift Model
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Erosion

Figure 2.7: 1D burial history models of the Burra Minibasin. The salt canopy is colored yellow.
Periods of deposition, uplift, and erosion are marked at the bottom of each model. (a) The
Delamerian Orogeny was modeled as a prolonged event that resulted in uplift and erosion over
515 m.a. (b) The Delamerian Orogeny was modeled as a rapid event that resulted in uplift and
erosion over 25 m.a. followed by slower erosion rates for 490 m.a.
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Figure 2.8: Temperatures of the Twenty Mile Hill Member and Lower Umberatana Group over
time. Temperatures are calculated by the basin model. Maximum temperatures for each unit are
marked.
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A  lack  of  constraint  on  the  thickness  of  the  salt  canopy,  the  timing  of  the  Delamerian  Orogeny,  
and  the  deposition  and  erosion  of  post-Delamerian  rocks  certainly  affected  the  results  of  this  model.    The  
thickness  of  the  salt  canopy  has  an  impact  of  the  geothermal  gradient  that  develops  in  the  basin;;  
however,  there  is  no  method  of  calculating  the  thickness  of  a  canopy  or  sheet  that  has  been  welded  
(Wagner  and  Jackson,  2011).    Therefore,  the  thickness  used  in  the  model  will  always  be  an  estimate.    I  
estimated  the  thickness  of  the  Willouran  Salt  Canopy  to  be  3  kilometers  based  on  the  qualitative  
restoration  of  the  Willouran  Ranges  done  by  Hearon  IV  et  al.  (2015a)  (Figure  2.5).    I  decided  that  of  the  
two  end  members,  the  prolonged  uplift  model  was  a  more  realistic  representation  of  the  Delamerian  
Orogeny.    Therefore,  I  modeled  the  Delamerian  to  include  uplift  and  erosion  over  an  extended  time  
period.    Constraining  the  timing  and  duration  of  the  Delamerian  Orogeny  would  help  improve  this  area  of  
the  model.    It  is  likely  that  some  amount  of  sediment  was  deposited  in  the  Willouran  Ranges  following  the  
Delamerian  Orogeny.    However,  any  record  of  post-Delamerian  deposition  has  been  removed,  which  
prevents  the  input  of  these  strata  into  the  model  due  to  a  lack  of  constraint  on  their  lithology  and  
thickness.    The  lack  of  constraint  on  the  thickness  of  the  salt  canopy,  the  timing  of  the  Delamerian  
orogeny,  and  the  post-Delamerian  history  of  the  area  and  their  potential  impacts  on  the  basin  model  
should  be  taken  into  account  when  considering  the  modeled  thermal  history.    It  is  likely  that  the  
temperatures  predicted  by  this  model  are  minimum  estimates.    Post-Delamerian  deposition  would  have  
further  buried  and  heated  strata  of  interest;;  an  increase  in  the  thickness  of  the  salt  canopy  would  also  
have  increased  the  temperature  in  the  strata  of  interest.    Unfortunately,  there  is  no  easy  way  to  improve  
upon  these  areas  of  the  model.    The  initial  thickness  of  a  salt  sheet  may  not  be  calculated  (Wagner  and  
Jackson,  2011),  and  the  post-Delamerian  history  of  the  area  may  only  be  interpolated  from  other  areas  of  
the  Adelaide  Fold  Belt,  which  may  not  be  an  accurate  representation  of  what  occurred  in  the  Willouran  
Ranges.    Therefore,  future  work  on  the  timing  and  duration  of  the  Delamerian  Orogeny  would  likely  be  
most  useful  in  improving  this  model.    
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Description  of  the  Willouran  Salt  Weld  

  

Figure  2.9  presents  my  new  geological  map  of  the  area  surrounding  the  Willouran  Salt  Weld;;  I  

mapped  the  area  at  a  1:10,000  scale.    This  area  was  previously  mapped  at  a  roughly  1:125,000  scale  by  
Hearon  IV  et  al.  (2015a).    I  collected  and  recorded  structural  data  and  field  observations  with  Midland  
Valley’s  Fieldmove  Clino  on  an  iPhone  6  and  Fieldmove  on  an  iPad  Air  2.    A  particular  focus  of  my  
3

mapping  was  to  better  constrain  the  thickness  and  distribution  of  remnant  diapiric  breccia  (br )  along  the  
weld  and  the  extent,  geometry,  and  style  of  deformation  in  the  vicinity  of  the  weld.    In  the  oil  and  gas  
industry,  understanding  deformation  in  the  vicinity  of  allochthonous  salt  sheets  and  welds  is  important  in  
reducing  drilling  hazards,  which  may  exist  as  zones  of  overpressure  resulting  from  subsalt  deformation  
(Harrison  and  Patton,  1995;;  Hearon  IV  et  al.,  2015b).    Moreover,  the  distribution  and  thickness  of  remnant  
evaporite,  and  in  this  case  diapiric  breccia,  may  be  a  key  variable  in  the  sealing  potential  of  a  salt  weld  
(Rowan,  2004).      

Field  Observations  

  

I  made  five  key  field  observations  during  the  creation  and  analysis  of  my  map  (Figure  2.10).    

Below  I  describe  each  observation  in  an  order  that  proceeds  stratigraphically  upwards  across  the  map  
area.  
  

Observation  1:    Along  the  north-south  length  of  the  study  area,  the  relationship  between  subsalt  

strata  and  the  base  of  salt  varies.    In  the  northern  section  (Figure  2.10,  Ia),  subsalt  strata  are  subparallel  
to  the  base  of  salt.    Further  south  (Figure  2.10,  Ib),  subsalt  strata  remain  subparallel  to  the  base  of  salt,  
but  the  contact  is  higher  in  the  stratigraphic  section.    At  point  Ic  in  Figure  2.10,  subsalt  strata  become  
truncated  by  the  base  of  salt  at  an  8°-12°  angle;;  along  this  section,  the  base  of  salt  cuts  up-section  to  the  
north.    At  point  Id  in  Figure  2.10,  subsalt  strata  are  truncated  by  the  base  of  salt  at  a  20°-22°  angle;;  this  
angle  increases  to  40°-42°  at  point  Ie  (Figure  2.10).    The  base  of  salt  cuts  up-section  to  the  south  along  
this  section.    Finally,  subsalt  strata  return  to  subparallel  with  the  base  of  salt  at  point  If  (Figure  2.10).    
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Subsalt  strata  subparallel  to  the  base  of  salt  is  consistent  with  the  definition  of  a  base  of  salt  flat  (Hudec  
and  Jackson,  2006).    Subsalt  strata  truncated  by  the  base  of  salt  is  consistent  with  the  definition  of  a  base  
of  salt  ramp  (Hudec  and  Jackson,  2006).  
Observation  2:  I  identified  the  Old  Mount  Nor  West  Member  beneath  points  Ib  and  Ic  (Figure  2.10,  
II).    The  unit  is  dominated  by  thinly  bedded,  calcareous  quartzite  with  subordinate  siltstone  and  dolomite  
(Figure  2.11a).    The  Old  Mount  Nor  West  had  not  been  identified  north  of  the  secondary  minibasin  
previously.    
Observation  3:  I  identified  a  zone  of  folding  in  the  Old  Mount  Nor  West  Member  (Figure  2.10,  III;;  
Figure  2.12).    Folds  are  open  to  tight,  concentric,  asymmetric,  and  generally  similar,  although  some  folds  
appear  parallel.    They  are  typically  anticlines  or  anticline-syncline  pairs.    Fold  amplitudes  in  this  region  
vary  from  the  meter  to  decameter  scale;;  wavelength  is  unclear  due  to  poor  exposure.    Fold  axial  planes  
are  presently  oriented  NE-SW  (Figure  2.13a).    When  bedding  is  rotated  to  horizontal,  fold  axes  are  
oriented  NW-SE  and  generally  verged  to  the  NE  (Figure  2.13b).    I  determined  fold  axial  plane  orientations  
by  finding  the  plane  that  bisects  the  limbs  of  the  fold,  which  I  measured  in  the  field.    I  rotated  axial  planes  
using  the  strike  and  dip  of  underlying,  unfolded  strata  of  the  Twenty  Mile  Hill  formation,  which  provides  a  
pre-Delamerian  orientation.    I  also  observed  minor  faulting  in  small-scale  (meter)  structures  (Figure  2.12c,  
2.12d)  but  not  in  larger  scale  (decameter)  structures.    The  northernmost  fold  differs  in  its  character  and  
orientation  from  the  majority  of  folds  (Figure  2.10).    This  fold  is  an  open,  concentric,  symmetric,  and  
parallel  syncline  with  an  amplitude  of  decameters.    
Observation  4:  I  identified  a  significant  quantity  of  remnant  diapiric  breccia  along  the  weld  (Figure  
2.10,  IV).    Based  on  the  published  map  by  Hearon  IV  et  al.  (2015a),  the  length  of  the  Willouran  Salt  Weld  
(referred  to  as  Weld  A  by  Hearon  IV  et  al.,  2015a)  is  5.52  kilometers.    To  the  north,  the  weld  terminates  
into  the  Breaden  Hill  sheet.    To  the  south,  the  weld  continues  beneath  the  secondary  minibasin  but  is  
referred  to  by  Hearon  IV  et  al.  (2015a)  as  Weld  B  and  is  not  the  focus  of  this  study.    I  have  further  
categorized  the  weld  into  three  sections  using  terminology  suggested  by  Wagner  and  Jackson  (2011):  the  
weld,  the  incomplete  weld,  and  the  salt  sheet  (Figure  2.10).    The  weld  is  2.83  kilometers  long  (Figure  
2.10).    The  weld  contains  between  1  and  3  meters  of  remnant  diapiric  breccia  and  is  therefore  a  complete  
weld.    The  incomplete  weld  is  0.46  km  long  (Figure  2.10).    Four  segments  of  incomplete  weld  are  present  
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(a)

Figure 2.11: Field photographs of the units that
were identified during new mapping. (a) Thinly
bedded, calcereous quartzite of the Old Mount Nor
West Member. (b) Recessive black shale and
meter-scale carbonate dropstones of the
Tindelpina Shale.
(b)
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Figure 2.12: Field photographs of subsalt folds. Solid curved lines trace fold limbs; solid straight lines
trace fault planes; dashed lines trace fold axial planes. The azimuthal orientation (i.e. look direction) of
the photo is listed in the bottom right of each photo. (a), (b), and (c) depict mesoscopic-scale folds with
no observed faulting. (d) and (e) depict mesoscopic-scale folds with minor faults present.
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Figure 2.13: Stereoplots showing the orientation of subsalt folds.
Planes represent fold axial planes. (a) Present-day fold axial
plane orientations. (b) Orientations have been rotated to reflect
the pre-Delamerian orientation of fold axial planes.
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and  vary  in  length  from  60  to  135  meters.    The  salt  sheet,  where  remnant  diapiric  breccia  is  too  thick  to  be  
defined  as  a  weld,  is  2.22  km  long  (Figure  2.10).    There  are  four  segments  of  salt  sheet,  which  vary  in  
length  from  70  to  1,600  meters.    
Observation  5:  I  identified  the  Tindelpina  Shale  above  the  Willouran  Salt  Weld  (Figure  2.10,  V).    
This  unit  was  previously  unrecognized  in  this  area  and  comprises  a  black  shale  with  meter-scale  
dropstones  of  dolostone  and  conglomerate  (Figure  2.11b).    The  Tindelpina  occupies  a  recessive,  laterally  
discontinuous  area  above  the  weld.      

Evolution  of  the  Willouran  Salt  Weld  

The  observations  made  in  the  field  allow  for  interpretation  of  the  evolution  of  the  Willouran  Salt  
Canopy  and  subsequent  development  of  the  Willouran  Salt  Weld.    In  particular,  observations  relating  to  
remnant  evaporite  distribution,  the  presence  of  subsalt  ramps  and  flats,  and  the  existence  of  folds  
beneath  the  weld  together  provide  an  opportunity  to  test  existing  conceptual  models  for  the  breakout  of  
pinned  allochthonous  salt  and  subsalt  fold  development,  as  well  as  models  of  stress  evolution  during  
welding.    Most  of  these  characteristics  and  processes  relate  to  the  sealing  potential  of  salt  welds  in  
general.    In  this  section  I  present  a  comprehensive  conceptual  model  for  the  structural  evolution  of  the  
Willouran  Salt  Weld  and  then  compare  that  model  to  predictions  and  hypotheses  derived  from  published  
numerical  and  conceptual  models  of  salt  tectonic  processes.    

Structural  Evolution  of  the  Willouran  Salt  Canopy  

The  base  of  salt  geometries  observed  indicate  that  there  are  three  base-of-salt  flats  and  two  
base-of-salt  ramps  present  in  the  study  area.    Flat  1  separates  diapiric  breccia  from  the  Twenty  Mile  Hill  
Formation  (Figure  2.10,  Ia).    Flat  2  separates  diapiric  breccia  from  Old  Mount  Nor  West  (Figure  2.10,  Ib).    
Flat  3  separates  Umberatana  from  Old  Mount  Nor  West  (Figure  2.10,  If).    Ramp  1  separates  diapiric  
breccia  and  Tindelpina  Shale  from  Twenty  Mile  Hill  and  Old  Mount  Nor  West;;  it  dips  shallowly  to  the  south  
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(Figure  2.10,  Ic).    Ramp  2  separates  diapiric  breccia,  Tindelpina  Shale,  and  Umberatana  from  Twenty  
Mile  Hill  and  Old  Mount  Nor  West;;  it  dips  shallowly  to  the  north  over  Twenty  Mile  Hill  and  dips  more  
steeply  to  the  north  over  Old  Mount  Nor  West  (Figure  2.10,  Id  and  Ie).      
Base-of-salt  ramps  and  flats  indicate  that  two  allochthonous  salt  sheets  are  present  in  the  study  
area  and  that  the  two  sheets  flowed  in  different  directions,  ultimately  colliding  with  one  another  and  
“suturing”  together.    These  two  sheets  were  previously  unidentified  and  are  hereafter  referred  to  as  the  
the  Breaden  Hill  sheet  and  the  Kingston  sheet  (Figure  2.10).    The  presence  of  two  separate  
allochthonous  sheets  is  based  on  the  distribution  and  geometry  of  base-of-salt  ramps  and  flats  and  the  
longstanding  principle  that  allochthonous  salt  sheets  always  cut  up-section  in  the  direction  of  their  motion  
(Hudec  and  Jackson,  2006).    The  Breaden  Hill  sheet  was  initiated  from  the  Breaden  Hill  diapir  and,  in  the  
current  geographic  frame  of  reference,  advanced  from  north  to  south.    The  base  of  the  sheet  does  not  
indicate  its  direction  of  motion;;  however,  it  was  fed  by  the  Breaden  Hill  diapir  to  the  north,  suggesting  it  
broke  out  over  the  Burra  basin  and  moved  to  the  south.    The  base  of  the  Breaden  Hill  sheet  forms  a  flat  
(Figure  2.10,  Flat  1),  which  indicates  that  the  rate  of  allochthonous  salt  advance  was  much  greater  than  
the  rate  of  sediment  accumulation.    Physical  modeling  by  Callot  et  al.  (2016)  suggests  that  the  advance  of  
allochthonous  salt  may  be  rapid,  with  encapsulation  of  a  minibasin  occurring  in  1  to  3  million  years  
following  breakout.    The  sheet  began  to  advance  during  upper  Twenty  Mile  Hill  time,  which  is  indicated  by  
the  contact  between  the  base  of  salt  and  the  upper  Twenty  Mile  Hill  adjacent  to  the  Breaden  Hill  diapir.    
The  sheet  continued  to  advance  through  lower  Old  Mount  Nor  West  time  until  suturing  with  the  Kingston  
sheet.    For  a  relatively  brief  amount  of  time,  the  rate  of  sediment  accumulation  was  greater  than  the  rate  
of  salt  movement,  which  pinned  the  salt  sheet.    The  onlapping  geometry  of  the  northernmost  section  of  
the  Old  Mount  Nor  West  Member  suggests  that  the  sheet  was  pinned.  
As  shown  schematically  in  Figure  2.14,  the  evidence  for  a  second  salt  sheet,  the  Kingston  sheet,  
is  based  on  the  distribution  and  geometry  of  ramps  and  flats  farther  south  along  the  weld,  where  Flat  2  
ends  beneath  the  Breaden  Hill  sheet  (Figure  2.10).    In  this  area,  the  base  of  the  sheet  forms  ramps  that  
originate  from  a  central  point  and  climb  up-section  to  both  the  north  and  south  (Figure  2.10,  Ic,  Id,  &  Ie).    
During  this  time,  the  rate  of  salt  movement  was  greater  than  the  rate  of  sediment  accumulation.    Both  
ramps  transition  into  flats  above  the  Old  Mount  Nor  West  Member  (Figure  2.10,  Ib  &  If;;  Figure  2.14),  
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Figure 2.14: Schematic diagram depicting the movement of an allochthonous salt sheet. The
dominant direction of sheet movement is into or out of the plane, perpendicular to the page. The
sheet is spreading laterally as well, parallel to the page. Salt advance creates ramps, where the
base of salt is cutting up-section, and flats, where the base of salt is concordant with underlying
stratigraphy. Ramps and flats develop as a result of changes in the rate of salt movement vs. the
rate of sediment accumulation. This schematic is analogous to lateral spreading of the Kingston
sheet and the development of ramps above the Old Mount Nor West Member. Modified from
Hudec and Jackson (2006).
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which  indicates  that  the  rate  of  salt  movement  became  much  greater  than  the  rate  of  sediment  
accumulation.    The  Kingston  sheet  entered  the  plane  of  the  map  during  upper  Twenty  Mile  Hill  time,  as  
indicated  by  the  lowest  stratigraphic  level  at  which  the  base  of  salt  occurs.    The  sheet  continued  to  spread  
through  lower  Old  Mount  Nor  West  time  until  suturing  with  the  Breaden  Hill  sheet.    
Based  on  base-of-salt  geometries  and  the  structures  observed  in  the  Old  Mount  Nor  West  
Member,  it  is  likely  that  the  Breaden  Hill  and  Kingston  sheets  sutured  near  the  northern  extent  of  the  unit  
(Figure  2.10).    Decapitation  of  the  halokinetic  drape  fold  to  the  north  (discussed  in  the  following  section)  
suggests  that  the  Breaden  Hill  sheet  overrode  some  portion  of  the  Old  Mount  Nor  West  Member  before  
suturing.    The  distribution  of  subsalt  shear  folds  in  the  Old  Mount  Nor  West  Member  (discussed  in  the  
following  section)  and  the  extent  of  Ramp  1  suggest  that  the  Kingston  sheet  advanced  to  the  northern  
third  of  the  Old  Mount  Nor  West  Member  before  suturing.    The  coalesced  sheets  formed  the  Willouran  
Salt  Canopy.      
The  Willouran  Salt  Canopy  thinned  as  the  Lower  Umberatana  Group  accumulated.    Welding  was  
discontinuous  and  incomplete  in  the  study  area.    The  distribution  of  different  weld  types  is  likely  related  to  
the  extent  of  the  Tindelpina  Shale.    This  laterally  discontinuous  section  of  Tindelpina  Shale  likely  caused  
differential  loading  of  the  salt  sheet  and  initiated  subsidence  of  the  Umberatana  Minibasin.    The  laterally  
discontinuous  nature  of  the  Tindelpina  may  be  explained  in  two  ways:  1)  local  highs  and  lows  in  the  top  of  
salt  may  have  controlled  deposition,  or  2)  the  Tindelpina  was  originally  laterally  continuous  but  broken  
into  multiple  rafts  as  the  salt  canopy  spread.    Once  subsidence  had  been  initiated,  the  basin  depocenter  
likely  remained  above  the  Tindelpina  until  welding  occurred.  
The  concentration  of  minibasin  weight  above  the  depocenter  and  an  increase  in  differential  stress  
beneath  the  depocenter  may  have  allowed  viscous  flow  of  salt  to  continue  until  the  canopy  was  almost  
entirely  expelled  (Wagner  and  Jackson,  2011),  leaving  the  observed  1  to  3  meters  of  remnant  diapiric  
breccia.    This  may  explain  why  complete  welding  is  observed  below  the  Tindelpina  and  incomplete  
welding  is  seen  when  the  Tindelpina  is  absent.    When  the  Tindelpina  is  absent,  the  thickness  of  the  
incomplete  weld,  or  remnant  salt  sheet  in  many  cases,  is  largely  controlled  by  the  presence  and  
distribution  of  meter-  to  kilometer-scale  blocks  within  the  Callanna  Group.  

49

Near-Salt  Deformation  and  Rubble  Zones  

The  zone  of  folding  in  the  Old  Mount  Nor  West  Member  could  be  a  result  of  halokinetic  
deformation  related  to  movement  of  salt  in  the  Kingston  sheet  or  synsedimentary  folding.  I  hereafter  refer  
to  these  folds,  which  I  identified  in  a  localized  section  of  the  Old  Mount  Nor  West  Member,  as  subsalt  
shear  folds.    The  localized  extent  of  these  folds  suggests  they  formed  as  a  result  of  salt  movement  or  
sedimentary  slumping  rather  than  a  regional  deformation  event.    Within  this  zone,  which  is  a  base  of  salt  
ramp  that  cuts  up-section  toward  the  north,  folds  are  either  upright  or  verge  strongly  northeast  (Figures  
2.10,  2.11b),  suggesting  they  may  have  formed  in  response  to  northeastward  movement  of  the  overlying  
salt  or  northeastward  slumping  of  soft  sediment.    If  subsalt  shear  folds  formed  in  response  to  salt  
movement,  their  orientation  requires  that  they  formed  beneath  the  Kingston  sheet,    as  opposed  to  the  
Breaden  Hill  sheet.      
My  recognition  of  subsalt  deformation  beneath  the  Willouran  Salt  Weld  contradicts  the  findings  of  
Hearon  IV  et  al.  (2015a,  2015b),  who  did  not  report  any  subsalt  deformation  in  the  Willouran  Ranges.    
This  difference  is  important  because  the  identification  and  prediction  of  subsalt  deformation,  or  so-called  
rubble  or  gumbo  zones  (Hearon  IV  et  al.,  2015b),  is  important  in  the  oil  and  gas  industry.    These  zones  
are  defined  by  structural  or  stratigraphic  complications  directly  below  allochthonous  salt  (Hearon  IV  et  al.,  
2015b).    Subsalt  deformation  may  produce  zones  of  overpressure  (Harrison  and  Patton,  1995)  which  
pose  a  substantial  drilling  hazard,  but  which  can  be  avoided  with  the  accurate  prediction  of  subsalt  
deformation.    Subsalt  deformation,  or  rubble  zones,  have  been  explained  by  multiple  theories.    
McGuinness  and  Hossack  (1993),  Kilby  et  al.  (2008),  and  Hudec  and  Jackson  (2009)  interpreted  gumbo  
zones  as  the  result  of  debris  flows.    In  this  scenario,  carapace  is  shed  from  the  advancing  sheet  and  
subsequently  overridden  by  advancing  salt  (Figure  2.15a).  Hudec  and  Jackson  (2006,  2009)  suggest  that  
imbricate  thrusts  may  form  ahead  of  an  advancing  salt  sheet  and  are  subsequently  overridden  (Figure  
2.15b).    Harrison  and  Patton  (1995)  and  Harrison  et  al.  (2004)  describe  folding  beneath  salt  sheets  in  the  
Gulf  of  Mexico.    These  studies  attribute  folding  beneath  salt  to  a  basal  shear  model  in  which  
allochthonous  salt  advance  is  partially  accommodated  by  shearing  and  shortening  near  the  base  of  salt  
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Figure 2.15: Conceptual models of subsalt deformation or “gumbo zones”. (a) Slumping of
roof sediments leads to debris flow deposits in front of the advancing salt sheet, which
subsequently overrides the deposits (McGuinness and Hossack, 1993; Hudec and
Jackson, 2009). (b) Imbricate thrusts develop in front of an advancing salt sheet and are
subsequently overridden (Hudec and Jackson, 2009). (c) Subsalt strata are sheared and
shortened by advancing salt (Harrison and Patton, 1995).
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(Figure  2.15c),  in  some  cases  leading  to  the  development  of  imbricate  thrust  faults  or  recumbent  folds  in  
subsalt  strata  (Harrison  and  Patton,  1995).    Rowan  (2017)  further  refined  this  model,  introducing  the  
terms  intrasalt  basal  shear,  base-salt  slip,  and  subsalt  basal  shear.  
In  the  Willouran  Ranges,  I  observed  mesoscopic  thrust  faults  and  recumbent  folds  in  the  Old  
Mount  Nor  West  Member  beneath  Ramp  1  (Figure  2.10,  2.10),  as  well  as  a  debris  flow  deposit  beneath  
Ramp  2.    I  identified  small-scale  thrusting  in  the  Willouran  Ranges  (Figure  2.12)  but  did  not  identify  larger  
scale  thrusts,  as  would  be  comparable  to  the  work  of  Hudec  and  Jackson  (2006,  2009).    I  identified  one  
potential  debris  flow  deposit  beneath  the  Kingston  sheet;;  the  deposit  contains  angular  clasts  of  red  
quartzite  in  a  dolomitic  matrix.    The  deposit,  approximately  1  meter  thick  and  50  meters  long,  is  below  the  
resolution  of  this  map.    The  minimal  extent  of  this  deposit  suggests  that  shedding  of  carapace  from  an  
advancing  salt  sheet  did  not  play  a  large  role  in  the  development  of  a  rubble  zone  in  the  Willouran  
Ranges.    However,  the  deposit  may  be  more  prominent  in  three  dimensions.    The  most  prominent  
features  I  observed  were  mesoscopic  recumbent  folds  and  thrust  faults.    These  structures  suggest  that  a  
basal  shear  zone,  specifically  a  subsalt  basal  shear  zone,  potentially  developed  during  movement  of  salt  
in  the  Kingston  sheet,  favoring  the  work  of  Harrison  and  Patton  (1995)  and  Rowan  (2017).    It  is  not  clear  
whether  the  basal  shear  zone  responsible  for  folding  in  the  Willouran  Ranges  developed  during  sheet  
advance  or  during  salt  expulsion;;  basal  shear  may  occur  at  either  time  (Harrison  and  Patton,  1995).    This  
mapping  suggests  that  subsalt  shear  folds  have  the  potential  to  develop  beneath  base-of-salt  ramps  while  
strata  beneath  base-of-salt  flats  will  remain  undeformed.    However,  this  idea  is  based  on  one  field  analog  
and  should  be  tested  at  other  locations.    Additionally,  soft  sediment  deformation  and  slumping  must  be  
considered  as  a  potential  mechanism  for  the  formation  of  these  mesoscopic  structures.    I  would  expect  
synsedimentary  folds  to  be  confined  to  a  distinct  stratigraphic  interval  (Fossen,  2010).    I  did  not  observe  
this  in  the  study  area;;  however,  poor  exposure  may  be  limiting  my  ability  to  observe  this  geometry.    My  
data  set  is  not  robust  enough  to  definitively  determine  the  mechanism  for  folding.    Quantitative  data  on  
the  abundance  and  distribution  of  folds,  as  well  as  additional  orientation  data,  would  be  useful  in  further  
constraining  the  mechanism  of  folding.        
The  northernmost  fold  in  the  Old  Mount  Nor  West  Member  differs  in  its  geometry  and  orientation  
from  most  subsalt  shear  folds  and  I  interpret  it  as  a  decapitated  halokinetic  drape  fold  (Figure  2.10;;  Figure  
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2.16).    The  geometry  seen  in  new  mapping  indicates  that  the  Breaden  Hill  sheet  advanced  to  the  
northernmost  extent  of  the  Old  Mount  Nor  West  Member  before  being  pinned.    While  pinned,  the  sheet  
was  likely  covered  by  a  thin  roof  of  Old  Mount  Nor  West  stratigraphy.    Further  salt  movement  inflated  the  
sheet,  leading  to  salt  sheet  breakout.    When  the  sheet  broke  out,  it  decapitated  the  halokinetic  drape  fold,  
creating  the  geometry  seen  today  (Figure  2.10).    The  geometry  seen  in  new  mapping  is  similar  to  the  
geometry  seen  north  of  breccia  body  V  (i.e.  Willawalpa  diapir  of  Hearon  IV  et  al.,  2015a;;  Figure  2.4),  
which  suggests  that  a  similar  salt  sheet  evolution  occurred  at  either  end  of  the  Burra  Minibasin.    The  
Hearon  IV  et  al.  (2015b)  conceptual  models  for  the  breakout  of  pinned  salt  sheets  suggest  that  
compression  leads  to  the  development  of  thrust  faults,  which  subsequently  decapitate  halokinetic  drape  
folds  during  advance  of  the  salt  sheet.    In  this  study  area,  because  I  did  not  identify  any  significant  thrust  
faults  at  this  breakout  point,  I  interpret  that  inflation  of  the  sheet,  followed  by  erosion  or  slumping  of  the  
roof,  likely  allowed  for  salt  sheet  breakout  and  decapitation  of  the  halokinetic  drape  fold  (Figure  2.16).    
The  deposition  of  slumped  roof  material  may  be  related  the  the  previously  discussed  debris  flow  deposit,  
or  the  material  may  have  been  transported  out  of  the  plane  of  the  map.      
Finally,  Heidari  et  al.  (2016)  used  numerical  modeling  techniques  to  investigate  stresses  in  supra-
salt  sediments  during  welding.    They  found  that  the  stress  ratio  (s’h  /  s’v),  or  effective  horizontal  stress  
divided  by  effective  vertical  stress,  increased  at  the  weld  tip  and  decreased  above  the  weld.    As  a  result  
of  these  stress  changes,  Heidari  et  al.  (2016)  predict  the  development  of  normal  faults  above  the  weld  tip  
and  a  reduction  in  porosity  in  the  vicinity  of  the  weld  tip.    In  the  field,  normal  faulting  was  not  identified  
above  the  Willouran  Salt  Weld.    Also,  the  Willouran  Weld  is  not  a  suitable  place  to  test  the  reduction  of  
porosity  above  the  weld  because  the  strata  have  undergone  low-grade  metamorphism.    The  findings  of  
this  study  may  be  more  useful  in  testing  future  numerical  models  including  subweld  stresses  or  
investigating  stress  and  strain  during  allochthonous  salt  advance.  
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Figure 2.16: Schematic diagram depicting the breakout of a pinned allochthonous salt sheet. (a) Pinned
allochthonous salt sheet and halokinetic drape fold. (b) Inflation of salt rotates the limb of the drape fold.
(c) Slumping or thrusting of the roof allows breakout to occur. (d) Breakout of a pinned allochthnoous salt
sheet. Breakout leads to the decapitation of the halokinetic drape fold. The mechanism for folding is limb
rotation. This schematic is analogous to the breakout of the Breaden Hill sheet above the Old Mount Nor
West Member. Modified from Hearon IV et al. (2015b).
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Summary  and  Conclusions  

In  summary,  both  the  Breaden  Hill  sheet  and  the  Kingston  sheet  entered  the  plane  of  the  map  
during  upper  Twenty  Mile  Hill  time  and  spread  horizontally  across  the  Burra  Minibasin.    The  Breaden  Hill  
sheet  spread  along  a  base  of  salt  flat  and  was  pinned  by  Old  Mount  Nor  West  deposition  (Figure  2.17a).    
It  then  broke  out,  decapitating  a  halokinetic  drape  fold,  and  sutured  with  the  Kingston  sheet  (Figure  
2.17b).    The  Kingston  sheet  moved  into  or  out  of  the  plane  of  the  map  and  spread  laterally  to  the  north  
and  south.    It  cut  up-section  through  the  upper  Twenty  Mile  Hill  and  lower  Old  Mount  Nor  West  Members  
and  sutured  with  the  Breaden  Hill  sheet  to  the  north  (Figure  2.17a).    The  Old  Mount  Nor  West  Member  
was  either  deformed  as  salt  in  the  Kingston  sheet  moved  to  the  north  or  during  soft  sediment  slumping  
soon  after  deposition.    The  Willouran  Salt  Canopy  continued  to  inflate  until  deposition  of  the  Lower  
Umberatana  Group  began  (Figure  2.17c),  at  which  point  the  canopy  began  to  thin.    Welding  occurred  
beneath  what  was  likely  the  thickest  part  of  the  minibasin,  which  coincides  with  the  extent  of  the  
Tindelpina  Shale  (Figure  2.17d).    Elsewhere,  thinning  of  the  sheet  generally  stalled  before  it  became  a  
weld,  although  in  some  areas  incomplete  welding  occurred  (Figure  2.17d).      
Near-salt  deformation  in  the  vicinity  of  the  Willouran  Salt  Weld  is  limited  to  subsalt  deformation.    
The  zone  of  subsalt  shear  folds  identified  in  the  Old  Mount  Nor  West  Member  are  likely  a  result  of  either  
the  development  of  a  subsalt  basal  shear  zone  beneath  the  Kingston  sheet  or  soft  sediment  slumping.  
The  breakout  of  pinned  allochthonous  salt  in  the  study  area  generally  follows  the  conceptual  model  of  
Hearon  IV  et  al.  (2015b),  although  slumping  or  erosion  of  the  roof  may  be  a  more  likely  mechanism  of  
breakout  than  thrusting.    Finally,  suprasalt  deformation,  as  predicted  by  Heidari  et  al.  (2016),  was  not  
identified  by  this  study.      
Rowan  (2004)  discusses  the  likely  controls  on  the  sealing  potential  of  a  salt  weld.    In  many  ways,  
the  sealing  potential  of  a  weld  is  similar  to  the  sealing  potential  of  a  fault.    The  potential  controls  on  the  
sealing  ability  of  a  weld  include  the  thickness  and  distribution  of  remnant  evaporite,  the  permeability  of  
juxtaposed  lithologies,  stratigraphic  architecture  of  subweld  reservoirs,  the  presence  of  clay  gouge  (if  the  
weld  has  experienced  slip),  and  the  original  base  of  salt  geometry  (Rowan,  2004).    Rowan  (2004)  also  
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Figure 2.17: Structural evolution of the Willouran Salt Weld illustrated by
schematic cross sections. (a) Advance of the Breaden Hill and Kingston sheets,
with pinning of the Breaden Hill sheet. (b) Breakout of the Breaden Hill sheet
and suturing of the sheets. (c) Deposition of the Lower Umberatana led to the
thinning of salt. (d) Apparent and incomplete welding, revealing the geometries
we see in the field present day.
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points  out  that  subsalt  fluid  pressure  must  be  considered,  as  exceedingly  high  pressures  may  allow  fluid  
to  move  through  thinning  or  welded  salt  sheets.    Thick  sections  of  diapiric  breccia,  which  are  equivalent  to  
remnant  evaporite,  are  present  along  the  Willouran  Salt  Weld,  which  may  suggest  that  those  sections  of  
the  weld  acted  as  barriers  to  flow.    Elsewhere,  the  complete  weld  forms  a  window  through  the  salt  that  
may  have  allowed  fluid  communication  between  the  Burra  and  Umberatana  Minibasins.    However,  the  
Tindelpina  Shale  overlies  the  complete  weld  and,  in  the  absence  of  significant  suprasalt  deformation,  
most  likely  served  as  a  barrier  to  flow.    These  properties,  thick  remnant  evaporite  and  juxtaposition  of  an  
impermeable  unit,  suggest  that  the  Willouran  Salt  Weld  likely  acted  as  a  barrier  to  flow.    To  determine  the  
hydrologic  behavior  of  the  weld  and  test  the  ideas  of  Rowan  (2004),  the  paleohydrologic  structure  of  the  
study  area  must  be  constrained.    

CHAPTER  3:  THE  FRACTURE-CONTROLLED  PALEOFLUID  SYSTEM  OF  THE  

WILLOURAN  SALT  WELD  

In  this  chapter,  I  present  structural  and  geochemical  data  that  I  use  to  interpret  the  
paleohydrologic  system  near  an  exposed  allochthonous  salt  weld.    The  Willouran  Salt  Weld,  as  discussed  
in  the  previous  chapter,  may  be  broken  into  three  segments:  a  salt  sheet,  an  incomplete  weld,  and  a  
complete  weld.    Also  discussed  previously  are  the  concepts  of  a  paleohydrologic  system  and  a  
paleohydrologic  system  structure,  which  are  defined  by  Pollyea  et  al.  (2015).    To  interpret  the  
paleohydrologic  system  and  its  structure,  I  characterized  three  elements  of  the  system:  the  fluid  flow  
path(s),  the  fluid  type(s),  and  the  fluid  source(s),  and  one  element  of  the  system  structure:  the  fluid  
distribution.    Once  established,  I  use  the  interpreted  paleohydrologic  system  and  system  structure  in  the  
vicinity  of  the  Willouran  Salt  Weld  to  test  the  ideas  of  Rowan  (2004),  who  suggested  possible  controls  on  
the  sealing  potential  of  salt  welds.      

Geometry  and  Evolution  of  the  Near-Salt  Fracture  Network  

Strata  adjacent  to  the  Willouran  Salt  Weld  have  deformed  in  response  to  multiple  geologic  
events,  including  salt  movement,  the  Delamerian  Orogeny,  and  potentially  the  more  recent  Sprigg  
Orogeny  (Sandiford  et  al.,  1998;;  Célérier  et  al.,  2005;;  Quigley  et  al.,  2006;;  Backé  et  al.,  2010;;  Hearon  et  
al.,  2015a).    Thus,  the  rocks  are  highly  fractured  and  are  metamorphosed  to  a  low  grade  (Sandiford  et  al.,  
1998;;  Paul  et  al.,  1999;;  Brugger  et  al.,  2005).    This  section  characterizes  the  mesoscopic  fracture  network  
near  the  weld  to  better  understand  the  fluid  flow  paths  within  the  paleohydrologic  system  as  well  as  the  
timing  of  fracture  and  vein  formation.    
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Field  Observations  and  Results  

I  collected  fracture  data  from  24  data  stations  throughout  the  study  area  (Figure  3.1).    At  each  
station,  I  measured  bedding  and  fracture  orientations  using  Midland  Valley’s  Fieldmove  Clino  on  an  
iPhone  6,  noted  fracture  style,  measured  or  estimated  vein  aperture  and  length,  and  recorded  cross-
cutting  and  abutting  relationships  that  constrained  fracture  timing  when  present.    Structural  data  were  
plotted  and  manipulated  using  Stereonet3D,  a  program  created  by  Nestor  Cardozo.    Throughout  the  
study  area,  most  mesoscopic-scale  structural  features  are  mode  1  joints.    Based  on  field  observations,  
the  abundance  of  joints,  or  number  of  fractures  found  in  a  unit  area,  is  relatively  high  and  is  consistent  
along  the  weld;;  the  spacing  of  joints  is  commonly  between  10  cm  and  50  cm.    Small-scale  faults  are  
present  but  uncommon.    Filled  joints,  or  veins,  are  also  common.    However,  field  observations  suggest  
that  the  abundance  of  veins  decreases  from  north  to  south  along  the  weld.    Veins  are  commonly  filled  
with  quartz,  dolomite,  and  hematite  (Figure  3.2).    In  the  field,  quartz  veins,  quartz  and  dolomite  veins,  and  
dolomite  veins  were  observed.    Hematite  exists  as  a  minor  component  of  all  vein  types,  accounting  for  
less  than  1%  of  vein  volume  in  examined  samples.    Vein  cements  and  host  rocks  were  sampled  from  
each  station  for  laboratory  analysis.      
  

At  each  station,  I  estimated  or  measured  vein  apertures  and  lengths,  measured  bedding  and  

systematic  fracture  or  vein  orientations,  and  took  note  of  the  relative  timing  of  vein  sets.    Bedding  
throughout  the  study  area  generally  strikes  north  (Figure  3.3).    Strike  varies  from  287°  to  030°,  with  an  
average  of  349°.    Dip  varies  in  magnitude  above  and  below  the  weld,  but  dip  is  always  to  the  E-NE.    
Above  the  weld,  dip  varies  from  22°  to  48°  with  an  average  of  32°.    Below  the  weld,  dip  varies  from  38°  to  
67°  with  an  average  of  52°.    In  the  field,  I  categorized  systematic  fracture  sets  as  cross  strike,  strike,  or  
strike  oblique  (Figure  3.4).    Cross-strike  fractures  strike  perpendicular  or  subperpendicular  to  the  strike  of  
bedding.    The  average  strike  of  cross-strike  fractures  at  each  station  varies  from  071°  to  133°,  with  
average  dips  between  70°  and  89°  to  the  north  or  south.    Strike  fractures  strike  parallel  or  subparallel  to  
the  strike  of  bedding.    The  average  strike  of  strike  fractures  at  each  station  varies  from  323°  to  037°,  with  
average  dips  between  22°  and  72°  to  the  west.    Strike  oblique  fractures  strike  oblique  to  the  strike  of  
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bedding  and  may  be  broken  into  two  groups.    The  average  strike  of  group  one  oblique  fractures  varies  
from  296°  to  322°,  with  average  dips  between  67°  and  80°  to  the  southwest.    The  average  strike  of  group  
two  oblique  fractures  varies  from  009°  to  086°  with  average  dips  between  51°  and  82°  to  the  northwest.    
Below  the  weld,  the  average  length  of  fractures  is  5.2  meters  and  the  average  aperture  is  4.2  cm  (See  
Appendix,  Table  A.1).    Above  the  weld,  the  average  length  of  fractures  is  22.7  meters  and  the  average  
aperture  is  36.1  cm  (Table  A.1).    To  interpret  the  relative  timing  of  fracture  sets,  I  used  cross-cutting  and  
abutting  relationships;;  however,  these  relationships  were  ambiguous  or  inconsistent  at  75%  of  the  
stations.    I  observed  clear  cross-cutting  relationships  at  six  stations,  one  above  the  weld  and  five  below  
the  weld  (Figure  3.5).    Above  the  weld,  at  station  three,  cross-cutting  relationships  show  strike-oblique  
fractures  offsetting  cross-strike  and  strike  fractures.    Offset  shows  south  side  to  the  west  motion,  which  
indicates  along-strike  shortening.    Below  the  weld,  at  stations  five  and  nine,  cross-cutting  relationships  
show  strike  fractures  offsetting  strike-oblique  fractures  with  top  side  to  the  north  motion.    The  kinematic  
effect  of  these  offsets  is  to  shorten  bedding  along  strike.    At  station  thirteen,  fibrous  vein  cements  also  
indicate  top  to  the  north  motion.    At  station  eight,  strike  fractures  cut  strike-oblique  fractures  but  do  not  
show  any  evidence  of  shear.    At  station  twenty,  strike  oblique  fractures  cut  cross-strike  fractures  with  top  
side  to  the  south  motion  as  well.    The  kinematic  effect  of  these  offsets  is  to  extend  bedding  along  strike.    

Spatial  Heterogeneity  and  Timing  of  the  Fracture  Network  

The  data  I  collected  in  the  field  indicate  that  the  fracture  network  is  spatially  heterogeneous.    The  
spatial  heterogeneity  of  the  network  is  evident  in  fracture  orientation,  length  and  aperture  data,  and  the  
relative  timing  of  fracture  sets.    The  heterogeneity  of  fracture  orientations  may  be  analyzed  by  comparing  
data  from  different  structural  positions:  1)  above  vs.  below  the  weld  (cumulative),  2)  salt  sheet  vs.  
incomplete  weld  vs.  complete  weld  (weld  type),  and  3)  station  to  station.    Fracture  orientations  above  and  
below  the  weld  differ  by  approximately  60°  (Figure  3.6).    Above  the  weld,  I  interpret  two  prominent  
fracture  sets:  one  oriented  NW-SE,  the  other  oriented  E-W.    Below  the  weld,  I  interpret  two  prominent  
fracture  sets,  both  oriented  NE-SW.    When  separated  by  weld  type,  orientations  above  and  below  the  
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weld  differ  adjacent  to  the  salt  sheet  and  incomplete  weld  but  are  similar  adjacent  to  the  complete  weld  
(Figure  3.7).    Above  the  salt  sheet,  the  dominant  orientations  are  NW-SE  and  ENE-WSW.    Below  the  salt  
sheet,  the  dominant  orientation  is  NNE-SSW.    Above  the  incomplete  weld,  the  dominant  orientations  are  
E-W  and  NW-SE.    Below  the  incomplete  weld,  the  dominant  orientation  is  NE-SW.    In  this  case,  
incomplete  weld  refers  to  fracture  data  collected  from  stations  two,  three,  four,  five,  six,  seven,  twenty-
two,  and  twenty-three.    Above  the  complete  weld,  the  dominant  orientations  are  NE-SW  and  E-W.    Below  
the  complete  weld,  the  dominant  orientations  are  also  NE-SW  and  E-W.    Finally,  when  I  compare  the  
orientations  of  fractures  from  station  to  station  along  the  weld,  there  is  no  clear  pattern  (Figure  3.4).    The  
length  and  aperture  data  collected  in  the  field  indicate  that  veins  are  larger,  both  in  length  and  aperture,  
above  the  weld.    Veins  below  the  weld  are,  on  average,  an  order  of  magnitude  smaller  than  veins  above  
the  weld.    Finally,  the  relative  timing  of  different  fracture  sets  and  the  sense  of  motion  seen  in  cross-
cutting  relationships  shows  no  consistent  trend  throughout  the  study  area.    
I  used  the  spatial  heterogeneity  of  the  fracture  network  to  interpret  the  impact  of  salt  on  the  
orientation  of  stresses  and  the  development  of  the  fracture  network.    Rugosity  in  the  top  and  base  of  salt  
likely  resulted  in  nonsystematic  and  perhaps  highly  localized  reorientation  of  stresses  across  the  study  
area  while  the  salt  sheet  likely  acted  as  a  mechanical  detachment  layer  between  sediment  of  the  Burra  
and  Umberatana  Groups.    The  lack  of  a  pattern  in  fracture  orientation  from  station  to  station  (Figure  3.3)  
and  inconsistent  relative  timing  relationships  support  this  interpretation  and  are  compatible  with  
predictions  made  by  Luo  et  al.  (2012).    Luo  et  al.  (2012),  who  modeled  stresses  adjacent  to  an  irregular  
salt  sheet,  predicted  horizontal  extension  adjacent  to  a  convex  salt  surface  and  horizontal  contraction  
adjacent  to  a  concave  salt  surface.    The  work  of  Luo  et  al.  (2012)  provides  a  mechanical  basis  to  
understand  the  lack  of  a  pattern  in  fracture  orientation  along  the  length  of  the  Willouran  Salt  Weld.    The  
observed  variation  in  fracture  orientation  above  and  below  the  weld  relative  to  each  weld  type  also  
supports  this  interpretation  and  is  compatible  with  the  work  of  Eckert  and  Zhang  (2016).    Eckert  and  
Zhang  (2016),  who  modeled  stresses  above  and  below  a  salt  layer,  have  shown  that  observed  stress  
orientation  and  magnitude  variations  (e.g.  Tingay  et  al.,  2011)  result  from  a  combination  of  basal  drag  
forces  and  mechanical  property  contrasts.    The  work  of  Eckert  and  Zhang  (2016)  provides  further  
mechanical  basis  to  understand  the  contrasting  pattern  of  fracturing  on  opposite  sides  of  the  Willouran  
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Figure 3.7: Stereoplots showing the current orientation of fractures above and
below the weld based on whether the station was adjacent to the salt sheet,
incomplete weld, or apparent weld. Orientations are shown as poles; 1% area
contours are plotted with a 2% contour interval. See Figure 3.1 for the location of
each data station.
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Salt  Weld  and  is  useful  to  constrain  the  timing  of  fracturing  with  respect  to  salt  sheet  emplacement  and  
subsequent  welding  and  potential  reactivation  during  the  Delamerian  Orogeny  (Figure  3.7).    Had  fractures  
formed  prior  to  welding,  I  would  expect  variation  in  fracture  orientation  above  and  below  the  structure  
along  the  entire  extent  of  the  area;;  differences  in  stress  field  magnitude  and  orientation  would  have  
existed  across  the  salt.    Moreover,  as  noted  by  Rowan  et  al.  (2012),  a  thick  section  of  weak  salt  would  
likely  have  accommodated  much  of  the  local  strain,  decreasing  the  likelihood  of  fracturing  in  weld-
adjacent  strata.    Therefore,  it  is  more  likely  that  fractures  formed  following  the  evacuation  of  the  salt  
sheet,  or  at  least  subsequent  to  removal  of  major  quantities  of  salt.    Overall,  fractures  (the  main  fluid  flow  
paths  in  the  study  area)  developed  from  stress  fields  that  were  locally  modified  in  orientation  and  
magnitude  by  the  Willouran  Salt  Sheet.    I  hypothesize  that  these  modifications  created  variation  in  
fracture  orientation  and  the  relative  timing  of  fracture  sets  across  the  area,  most  likely  following  Willouran  
Salt  Sheet  welding  that  occurred  primarily  during  the  Delamerian  Orogeny.    

Constraints  on  the  Paleofluid  System  

In  this  section,  I  present  petrographic  and  geochemical  data  that  I  used  to  constrain  multiple  
aspects  of  the  paleofluid  system  of  the  study  area.    I  completed  multiple  laboratory  analyses,  including  
thin-section  petrography,  scanning  electron  microscope  (SEM)  energy-dispersive  X-ray  spectrometry  
(EDS),  SEM  cathodoluminescence  (CL),  fluid  inclusion  microthermometry,  and  stable  isotopic  analyses  
on  vein  samples  collected  from  23  of  the  24  data  stations.    With  these  data  sets,  I  constrained:  1)  the  
kinematics  and  paragenesis  of  veins;;  2)  the  type(s)  of  fluid(s)  within  the  paleofluid  system  in  the  Willouran  
Ranges,  specifically  adjacent  the  Willouran  Salt  Weld;;  and  3)  the  paleohydrologic  behavior  of  the  
Willouran  Salt  Weld.    I  also  used  my  findings  to  hypothesize  the  source  of  the  fluids  contained  within  the  
paleofluid  system.      
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Methods  and  Results  

I  completed  petrographic  analysis  of  all  vein  samples  at  Northern  Illinois  University  using  an  
Olympus  BX50  petrographic  microscope  and  standard  thin  sections.    During  analysis,  I  observed  and  
took  note  of  the  mineralogy,  mineral  contacts,  and  microstructures  present  in  each  sample.    Three  
minerals  are  present  in  significant  quantities  in  veins  across  the  study  area:  quartz,  dolomite,  and  
hematite.    The  texture  of  quartz  and  dolomite  veins  is  commonly  blocky,  but  also  elongate  blocky  in  some  
veins;;  crystals  range  in  size  from  less  than  50  microns  to  over  1  millimeter.    Hematite  is  a  minor  
component  of  veins  throughout  the  area;;  it  is  opaque  and  generally  fills  secondary  microfractures  or  
voids.    Throughout  the  study  area,  I  observed  undulose  extinction,  subgrain  development,  bulging,  and  
subgrain  rotation  within  vein  cements  (terminology  of  Stipp  et  al.,  2002;;  Figure  3.8).    Quartz  vein  cement  
below  the  weld  is  dominated  by  bulging  and  subgrain  rotation.    Above  the  weld,  quartz  cement  is  
dominated  by  subgrain  development  and  bulging.    Dolomite  exhibits  undulose  extinction  and  subgrains  
throughout  the  study  area  (Figure  3.8a,  b).    Twinning  is  present  in  dolomite  as  well,  but  is  not  common.    
Grain  contacts  between  quartz  and  quartz,  quartz  and  dolomite,  and  dolomite  and  dolomite  are  all  
commonly  serrated  or  bulging  (Figure  3.8).    One  exception  to  this  is  a  straight  grain  boundary  between  
quartz  and  dolomite  in  sample  WAW06A  (Figure  3.8h).    Quartz-dolomite  contacts  also  commonly  display  
inclusions  of  quartz  within  dolomite  (Figure  3.8b,  f).      
I  imaged  a  subset  of  twelve  vein  cements  from  eleven  stations  (Figure  3.1;;  Table  A.1)  using  a  
JEOL  JSM-5610LV  SEM  with  an  attached  Thermo  Scientific  UltraDry  Silicon  Drift  Detection  EDS  at  
Northern  Illinois  University.    I  used  secondary  electron  imaging  (SEI)  mode  with  a  magnification  of  35x  
and  an  acceleration  voltage  of  20  kV,  as  well  as  the  software  package  Pathfinder  by  Thermo  Scientific,  to  
analyze  the  data  collected.    Pathfinder  identified  the  elements  and  phases  present  in  each  area  of  
analysis.    To  identify  phases,  Pathfinder  creates  a  binary  map  that  groups  areas  of  similar  composition.    
C,  O,  Mg,  Si,  Ca,  and  Fe  were  identified  in  all  twelve  samples.    Pathfinder  identified  two  phases  in  each  
sample:  a  Si  and  O-dominated  phase  and  a  Ca,  Mg,  C,  and  O-dominated  phase  (Figure  3.9).    These  
were  interpreted  as  quartz  and  dolomite,  confirming  the  interpretations  derived  from  optical  petrography.  
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Figure 3.8: Representative petrographic images from vein cements. (a) Dolomite
exhibiting undulose extinction. (b) Dolomite with undulose extinction and
subgrains, as well as inclusions of quartz. (c) An example of subgrain rotation in
quartz. (d) “Brecciation” of quartz cement. (e) An example of subgrain development and bulging in quartz. (f) Euhedral dolomite with inclusions of quartz filling
a fracture in quartz. (g) An example of subgrain development, bulging, and minor
subgrain rotation in quartz. (h) An uncommon example of a straight grain
boundary between quartz and dolomite. Qtz = quartz, Dolo = dolomite.
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Figure 3.9: Phases and spectra from SEM-EDS analysis. The yellow phase is rich in silicon and oxygen.
The red phase is rich in calcium, magnesium, carbon and oxygen. Samples from above the weld, below the
weld, and within the Callana Group diapiric breccia were analyzed.
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I  imaged  a  second  subset  of  eight  vein  cements  from  seven  stations  (Figure  3.1;;  Table  A.1)  using  

a  Hitachi  S-3400  variable  pressure  SEM  with  an  attached  Gatan  PanaCL/F  CL  detector  at  the  University  
of  Wisconsin.    I  operated  the  SEM  in  backscatter  electron  mode  (BSE)  at  various  magnifications  and  an  
acceleration  voltage  of  15  kV.    SEM-CL  imaging  resulted  in  gray  to  dark  gray  or  pink  to  purple  
luminescent  quartz,  dependent  on  whether  a  color  filter  was  used  (Figure  3.10).    Color  variation  in  quartz  
imaged  with  SEM-CL  reflects  variation  in  the  composition  of  the  mineral  and  the  defects  and  impurities  in  
the  mineral  (Hamers  and  Drury,  2011).    Quartz  samples  in  this  study  commonly  appeared  as  a  
homogenous  color,  although  variations  in  the  color  of  quartz  occasionally  occur  near  microfractures  in  the  
sample.    I  also  saw  minor,  discontinuous  zoning  in  one  quartz  sample  (Figure  3.10c).      
  

I  analyzed  fluid  inclusions  in  quartz  and  dolomite  vein  cements  using  three  methods:  Raman  

spectroscopy,  petrography,  and  microthermometry.    The  Fluids  Research  Laboratory  of  Virginia  Tech  
University  analyzed  my  samples  with  a  JY  Horiba  LabRam  HR800  Raman  spectrometer.  Initial  Raman  
spectroscopy  identified  CO2,  N2,  CH4,  and  H2O  within  fluid  inclusions  in  a  subset  of  four  quartz  cement  
samples  (Figure  3.1;;  Table  A.1).    CO2  was  the  dominant  component  in  the  analyzed  inclusions;;  N2,  CH4,  
and  H2O  were  minor  components  (Figure  A.1).    I  completed  a  petrographic  analysis  and  microthermetric  
analysis  of  fluid  inclusions  at  Northern  Illinois  University  (Table  3.1;;  Table  A.1).    Microthermetric  analysis  
was  done  on  a  Linkum  THMSG600  fluid  inclusion  stage  connected  to  a  Meiji  MT9920  petrographic  
microscope.    Petrographically,  I  examined  15  samples  from  nine  stations  distributed  along  the  weld,  four  
below  the  weld  and  five  above.    I  completed  mircothermetric  analysis  on  six  samples,  two  below  and  four  
above  the  weld.    During  petrographic  analysis  of  inclusions,  I  identified  liquid-,  vapor-,  and  solid-phase  
components  (Figure  3.11).    Vapor  phases  were  round  and  either  dark  or  light  in  color.    Solid  phases  were  
square  or  rectangular  and  light  in  color.    Liquid  phases  were  light  or  dark  in  color  and  filled  the  remaining  
space  in  the  inclusion.    The  majority  of  quartz  inclusions  I  observed  contained  liquid  and  vapor  or  liquid,  
vapor,  and  solid;;  the  liquid:vapor  or  liquid:vapor:solid  ratio  is  commonly  between  90:10  and  75:25  or  
80:10:10  and  50:25:25.    The  majority  of  dolomite  inclusions  I  observed  contained  liquid  and  vapor  or  
liquid,  vapor,  and  one  or  more  solid;;  the  liquid:vapor:solid  ratio  is  commonly  33:33:33  but  can  be  variable.    
Inclusion  shapes  included  negative  crystal-shaped  inclusions,  irregularly  shaped  inclusions,  hook-  to  arc-
shaped  inclusions,  closed  inclusions,  and  ratty  inclusions,  as  well  as  some  halos  of  smaller  inclusions  
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(a) WAW06B

(b) WAW12A

(c) WAW02B

(d) WAW05A

Figure 3.10: Gray-scale and color images produced by SEM-CL. (a) Generally homogenous
quartz with heterogeneities primarily along microfractures. (b) “Brecciation” of quartz; breccia
clasts appear to be fragments of the host while the matrix appears to be a secondary generation of
quartz. (c) Slight zonation and heterogeneities along mircrofractures in generally homogenous
quartz. The light pink box is an artifact of previous imaging. (d) A second, color example of
brecciation of quartz cement. See Figure 3.1 for the location of the stations from which each
sample was collected.

Table 3.1: The results of microthermometric analysis. Also included are details of the fluid inclusion assembleges analyzed.
L = liquid, V = vapor, S = solid.
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Figure 3.11: Photomicrographs of fluid inclusions in quartz and dolomite. (a) Small liquid-vapor
inclusions and larger inclusions with ratty to closed textures in quartz. (b) Hook- to arc-shaped
inclusions in quartz. (c) Closed fluid inclusion textures in quartz. (d) Ratty inclusion with a halo of
smaller inclusions surronding it in quartz. (e) Inclusions in dolomite with negative crystal shape to
irregular shape; most inclusions contain a liquid, vapor, and one or more solid. (f) Ratty inclusion
in dolomite with possible halo of smaller inclusion surronding it.
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surrounding  larger  inclusions  (terminology  of  Vityk  and  Bodnar,  1995;;  Figure  3.11).    Quartz  inclusions  
were  dominated  by  irregular,  closed,  and  hook-shaped  inclusions;;  dolomite  inclusions  ranged  from  
negative  crystal  shape  to  ratty.    I  conducted  microthermetric  analysis  of  12  fluid  inclusion  clusters  from  six  
samples:  10  primary  clusters  and  three  psuedosecondary  clusters  (Table  3.1).    The  microthermetric  
analyses  completed  for  this  study  proved  fruitless  in  most  cases;;  most  inclusions  decrepitated  and  few  
homogenized.    This  is  likely  a  result  of  Delamerian  deformation  of  vein  cements  and  potential  inclusion  
reequilibration.    Despite  these  analytical  difficulties,  I  collected  homogenization  temperatures  from  three  
clusters:  one  primary  cluster  with  a  homogenization  temperature  of  401°  C  and  two  psuedosecondary  
homogenization  temperatures  of  145°  C  and  355°  C.    I  collected  decrepitation  temperatures  from  nine  
clusters:  eight  primary  clusters  with  decrepitation  temperatures  ranging  from  227°  C  to  495°  C  and  one  
psuedosecondary  decrepitation  temperature  of  465°  C.    The  distribution  of  homogenization  and  
decrepitation  temperatures  is  presented  in  Figure  3.12.    
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I  completed  stable  isotopic  analysis  of  quartz  (d O)  and  dolomite  (d C  and  d O)  vein  cements  at  
Northern  Illinois  University.    The  quartz  preparation  and  analysis  process  I  used  closely  follows  that  of  
Sharp  (1990)  and  Dodd  and  Sharp  (2010).    I  prepared  a  subset  of  ten  quartz  samples  for  isotope  analysis  
(Figure  3.1;;  Table  A.1).    Samples  were  selected  from  stations  evenly  distributed  along  the  weld  and  in  
pairs  above  and  below  the  weld.    If  I  had  collected  multiple  quartz  samples  from  a  selected  station,  I  
preferentially  selected  quartz  samples  that  I  had  previously  analyzed  with  Raman  spectroscopy,  
3

microthermometry,  or  SEM-CL.    I  began  by  crushing  a  »1-2  cm   piece  of  the  sample.    I  then  cleaned  the  
sample  with  hydrochloric  acid  and  nitric  acid  to  remove  nonquartz  material  and  sieved  the  crushed  
sample  to  remove  the  <100  micron-size  fraction.    Following  preparation  and  cleaning,  I  loaded  1  –  2  
milligrams  of  each  sample  into  a  nickel  sample  holder  and  placed  the  holder  into  the  sample  chamber,  
which  was  later  filled  with  BrF5.    I  then  used  a  CO2  laser  to  react  the  quartz  and  BrF5,  which  produced  
SiF4,  O2,  and  other  minor  reaction  products.    The  O2  gas  was  then  isolated  and  adsorbed  to  a  zeolite  trap.  
Next,  I  warmed  the  trap,  releasing  the  O2  gas  into  the  Finnigan  MAT  253  mass  spectrometer.    I  analyzed  
the  international  standard  NBS-28  and  the  internal  standard  Lausanne  as  well  as  samples  from  above  
and  below  the  Willouran  Salt  Weld.    Throughout  the  course  of  my  work,  I  measured  an  average  NBS-28  
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Figure 3.12: Distribution of homogenization and decrepitation temperatures observed in quartz and
dolomite fluid inclusions. The average temperature is 307° C and the standard deviation is 101° C.
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18

d O  value  of  11.07‰  relative  to  VSMOW  with  a  standard  deviation  of  0.72‰  (n=7)  and  an  average  
18

Lausanne  d O  value  of  20.47‰  relative  to  VSMOW  with  a  standard  deviation  of  0.41‰  (n=6)  over  the  
18

course  of  five  days.    Above  the  weld,  samples  have  a  d O  between  16.89‰  and  19.46‰  relative  to  
18

VSMOW  (Figure  3.13).    Below  the  weld,  samples  have  a  d O  between  17.13‰  and  19.15‰  relative  to  
18

VSMOW  (Figure  3.13).    A  complete  list  of  raw  and  corrected  d O  values  is  presented  in  Appendix  Table  
A.2.
For  the  dolomite  analyses,  powders  were  collected  from  a  subset  of  thirteen  samples  (Figure  3.1;;  
Table  A.1),  all  of  which  included  significant  dolomite  in  thin  section.    Two  powders  were  collected  from  
each  sample  using  a  Dremel  drill  with  a  diamond  tip.    I  used  a  Finnigan  MAT  253  mass  spectrometer  with  
an  attached  Thermo  Finnigan  Gas  Bench  II  to  analyze  the  samples.    Prior  to  analysis  with  the  mass  
spectrometer,  I  reacted  dolomite  powders  with  phosphoric  acid  for  100  hours  at  25°  C  following  the  
method  of  Crowley  et  al.  (2008).    I  used  the  fractionation  factor  of  Sharma  and  Clayton  (1965)  and  the  
18

international  standards  NBS-18  and  NBS-19  for  this  analysis.    I  measured  an  average  NBS-18  d O  of            
13

-38.01‰  and  d C  of  -32.79‰  with  standard  deviations  of  0.16‰  and  0.13‰  relative  to  VPDB;;  NBS-18  
18

was  run  eight  times  during  a  single  analysis  run.    I  measured  an  average  NBS-19  d O  of  -17.97‰  and  
13

d C  of  -25.96‰  with  standard  deviations  of  0.61‰  and  0.17‰;;  NBS-19  was  run  eight  times  during  a  
single  analysis  run.    Standards  were  reacted  with  phosphoric  acid  for  24  hours  and  100  hours  to  assess  
whether  sample  vials  leaked  or  any  fractionation  occurred.    There  is  no  evidence  for  leaking  and  
measured  standard  values  were  consistent  with  long-term  laboratory  averages.    I  analyzed  samples  from  
above  the  weld,  below  the  weld,  within  the  Callanna  Group  of  the  Willouran  Salt  Sheet,  and  within  the  
18

secondary  minibasin.    The  seven  samples  analyzed  from  above  the  weld  had  a  d O  between  -15.67‰  
13

and  -13.21‰  and  a  d C  between  -3.12‰  and  1.64‰  relative  to  VPDB  (Figure  3.14).    The  four  samples  
18

13

from  below  the  weld  had  a  d O  between  -15.33‰  and  -13.99‰  and  a  d C  between  1.49‰  and  4.69‰  
relative  to  VPDB  (Figure  3.14).    The  single  sample  analyzed  from  the  Callanna  Group  of  the  Willouran  
18

13

Salt  Sheet  had  a  d O  of  -14.60‰  and  a  d C  between  -1.14‰  and  -0.87‰  relative  to  VPDB  (Figure  
18

3.14).    The  one  sample  from  the  secondary  minibasin  had  a  d O  between  -10.92‰  and  -10.26‰  and  a  
13

d C  between  3.34‰  and  3.76‰  relative  to  VPDB  (Figure  3.14).  
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Figure 3.13: Distribution of stable oxygen isotope
data from quartz samples collected above and
below the weld. Statistical tests (i.e. Student’s
t-test) show that there is no statistically significant
difference between the values above and below the
weld. See Figure 3.1 for the location of each
station.
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Stable Isotope Values of Dolomite Samples
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Host-rock  stable  isotope  compositions  were  not  analyzed  as  a  part  of  this  study.    Siliciclastic  host  
rocks  were  not  analyzed  because  I  did  not  expect  to  measure  a  representative  portion  of  the  host  rock  
due  to  heterogeneity  within  the  sample  related  to  the  provenance  of  detrital  grains.    Carbonate  host  rocks  
were  not  present  at  any  of  the  24  data  stations  I  established;;  therefore,  I  did  not  analyze  carbonate  host  
rocks  in  conjunction  with  dolomite  vein  cements.  

Vein  Kinematics  and  Paragenesis  

My  petrographic  observations  allow  for  interpretation  of  vein  kinematics  and  paragenesis.    The  
observed  vein  cement  morphologies,  blocky  to  elongate  blocky,  suggest  that  fractures  opened  once  and  
were  subsequently  filled  (Bons  et  al.,  2012;;  Beaudoin  et  al.,  2015).    I  did  not  see  any  evidence  of  multiple  
crack-seal  events,  although  there  is  evidence  of  existing  veins  fracturing  irregularly  and  filling  with  
secondary  vein  cements  (Figure  3.8d).    Veins  within  the  study  area,  specifically  veins  with  meter-scale  
apertures,  may  have  formed  as  a  result  of  mobile  hydrofracturing,  as  first  proposed  by  Bons  (2001).    This  
process  describes  “slugs”  of  fluid  that  move  through  fractures  before  becoming  arrested  and  rapidly  
precipitating  vein  material.    This  interpretation  may  explain  the  large  size  (meter-scale  aperture,  tens  of  
meters-scale  length)  of  some  veins  observed  in  the  study  area.    Also,  the  textures  observed  within  vein  
cements  and  the  size  of  veins  suggests  that  they  filled  following  opening  as  opposed  to  during  opening  
and  are  therefore  postkinematic  veins  (Laubach,  2003).    Laubach  (2003)  discusses  an  emergent  
threshold,  which  is  the  aperture  at  which  porosity  development  overtakes  cementation  (or  synkinematic  
filling)  during  fracture  opening.    For  siliciclastic  rocks  this  threshold  is  typically  1  mm  or  less  (Laubach,  
2003);;  therefore,  the  veins  observed  in  this  study,  which  are  no  less  than  1  cm  in  aperture  and  up  to  2  m  
wide,  are  most  likely  dominated  by  postkinematic  cements.    
The  mineral  textures  I  observed  suggest  that  quartz  precipitated  before  dolomite  in  most  cases.    
This  paragenetic  interpretation  is  based  on  three  pieces  of  evidence:  1)  quartz  inclusions  are  present  in  
dolomite  (Figure  3.8b,  f),  2)  dolomite  appears  to  be  invading  quartz  along  mineral  boundaries  (Figure  
3.8a,  b),  and  3)  microstructures  indicative  of  higher  temperatures  and  pressures  are  seen  in  quartz  than  
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in  dolomite.    I  occasionally  see  evidence  for  other  paragenetic  sequences,  including  coprecipitation  of  
quartz  and  dolomite,  secondary  generations  of  quartz  and  dolomite,  and  dolomite  precipitating  before  
quartz.    However,  these  sequences  are  not  common  throughout  the  area  and,  in  some  cases,  are  limited  
to  one  sample.    The  microstructures  I  observed  in  dolomite,  primarily  undulose  extinction,  are  diagnostic  
of  saddle  dolomite,  which  forms  from  warm  (100°  -  150°  C)  saline  waters  (Radke  and  Mathis,  1980).    
Finally,  the  microstructures  observed  in  quartz  during  petrographic  analysis  allow  me  to  constrain  the  
temperature  that  vein  cements  reached  during  deformation,  likely  related  to  the  Delamerian  Orogeny,  
following  their  precipitation.    Work  by  Stipp  et  al.  (2002)  shows  that  bulging  correlates  with  275°  C  to  400°  
C,  subgrain  rotation  correlates  with  400°  C  to  500°  C,  and  grain  boundary  migration  correlates  with  
temperatures  above  500°  C.    The  microstructures  observed  near  the  Willouran  Weld  suggest  that  veins  
below  the  weld  were  subjected  to  temperatures  up  to  roughly  450°  C  while  veins  above  the  weld  were  
subjected  to  temperatures  up  to  roughly  350°  C.    These  temperature  estimates  do  not  account  for  
variation  in  pressure,  which  may  impact  the  temperature  needed  to  activate  certain  deformation  
mechanisms  and  produce  certain  microstructures.  
SEM  analysis,  both  EDS  and  CL,  generally  confirm  the  interpretations  of  vein  kinematics  and  
paragenesis  I  made  using  petrographic  observations.    The  Si-  and  O-dominated  phase  identified  by  
SEM-EDS  is  quartz,  while  the  Ca,  Mg,  C,  and  O-dominated  phase  is  dolomite.    EDS  confirms  that  
dolomite,  not  calcite,  is  the  carbonate  mineral  present;;  petrographic  work  cannot  easily  distinguish  these  
two  minerals.    Only  one  generation  of  quartz  or  dolomite  was  seen  in  each  area  of  analysis  during  SEM-
EDS  imaging  and  no  zoning  was  seen  within  the  minerals,  indicating  that  there  was  no  variation  in  the  
mineral  composition  throughout  individual  grains  or  from  grain  to  grain  (Figure  3.9).    The  variations  in  the  
color  of  quartz  seen  in  SEM-CL  imaging  agree  with  the  petrographic  observation  that  some  vein  cements  
were  fractured  and  filled  by  a  secondary  precipitation  event  (Figure  3.10b,  d).    In  one  case,  CL  allowed  for  
a  better  interpretation  of  the  paragenesis  of  a  vein.    CL  indicated  that  sample  WAW05A  contained  two  
generations  of  quartz,  in  contrast  to  the  three  generations  that  I  interpreted  from  petrographic  
observations  (Figure  3.10b).    EDS  and  CL  analysis  show  that  there  is  little  evidence  for  mineral  zonation  
that  could  not  be  seen  under  polarized  light,  which  suggests  that  petrographic  analyses  were  sufficient  in  
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interpreting  the  kinematics  and  paragenesis  of  the  veins  within  the  study  area.    In  summary,  the  data  I  
collected  suggests  that  veins  formed  from  a  single  opening  and  filling  event.    Also,  quartz  vein  cements  
precipitated  first,  followed  by  later  dolomite  vein  cements.  

Paleofluid  Type  

Fluid  inclusion  analyses  are  typically  the  backbone  of  a  fluid  system  study;;  however,  the  condition  
of  the  inclusions  present  in  the  samples  of  this  study  did  not  allow  me  to  collect  reliable  data.    During  
petrographic  analysis  of  fluid  inclusions,  I  consistently  observed  textures,  specifically  hook,  arc,  and  
closed  textures,  that  suggest  fluid  inclusions  have  re-equilibrated  (Figure  3.11).    Re-equilibration  occurs  
when  the  pressure-temperature  path  of  the  inclusion  deviates  from  the  inclusion  isochore  (Vityk  and  
Bodnar,  1995).    This  deviation  from  the  inclusion  isochore  may  be  caused  by  geologic  processes  
including  magmatic  intrusion,  thrusting,  and  rapid  uplift,  among  others  (Vityk  and  Bodnar,  1995).    The  
consistent  decrepitation  of  fluid  inclusions  during  microthermometric  analysis  is  likely  an  effect  of  re-
equilibration.    Although  decrepitation  of  inclusions  is  not  ideal,  decrepitation  temperatures  may  be  thought  
of  as  a  minimum  temperature,  suggesting  that  homogenization  took  place  at  a  greater  temperature.    
However,  inclusions  in  this  study  have  been  re-equilibrated  as  well.    Therefore,  it  is  possible  the  
temperatures  recorded,  both  homogenization  and  decrepitation,  are  not  related  to  mineral  formation  but  
instead  later  deformation.    
Although  I  could  not  collect  reliable  temperature  data  from  fluid  inclusions,  I  used  the  composition  
of  fluid  inclusion  components  to  constrain  the  paleofluid  type.    I  constrained  the  composition  of  the  
paleofluids  using  Raman  spectroscopy  and  petrographic  analysis  of  fluid  inclusions.    Raman  
spectroscopy  data  were  collected  as  preliminary  data  and  were  not  associated  with  a  detailed  
petrographic  analysis  of  fluid  inclusion  assemblages.    Therefore,  I  can  use  the  data  to  show  that  the  
components  identified  are  present  but  may  not  say  anything  about  the  relative  volume  or  distribution  of  
the  components.    Petrographic  analyses  were  consistent  with  the  results  of  Raman.    The  vapor  bubbles  I  
identified  are  either  CO2  or  water  vapor;;  CO2  may  be  characterized  by  a  “double  bubble”  (i.e.  a  bubble  
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within  a  bubble).    The  solid  phases  I  identified  are  likely  halite  or  other  evaporite  minerals  (salts),  which  
suggest  that  fluids  had  high-enough  salinity  so  that  salts  precipitated  from  solution  upon  cooling  to  room  
temperature.    Therefore,  fluids  must  have  been  a  minimum  of  26%  salt  by  weight  (CRC  Handbook,  2010).  
The  aqueous  phases  I  identified  are  likely  H2O.    The  fluid  inclusion  components  that  I  identified  in  fluid  
inclusions  within  quartz,  CO2,  N2,  CH4,  H2O,  and  salts  suggest  that  quartz  vein  cements  were  precipitated  
from  metamorphic  fluids,  which  are  commonly  dominated  by  H2O,  CO2,  and  CH4  (Groves  et  al.,  1998).    
Metamorphic  fluids  are  generally  low  salinity  (Groves  et  al.,  1998);;  however,  I  would  expect  fluids  in  the  
study  area  to  have  a  higher  than  expected  salinity  due  to  the  presence  of  the  Callanna  Group.    Raman  
spectroscopy  was  not  completed  on  fluid  inclusions  within  dolomite;;  therefore,  I  cannot  be  certain  of  the  
composition  of  components  in  this  mineral.    However,  fluid  inclusions  within  dolomite  commonly  contain  
more  than  one  solid  phase,  which  suggests  they  precipitated  from  a  more  saline  fluid.      
I  further  constrained  the  composition  and  source  of  paleofluids  with  stable  isotopic  analysis  of  
vein  cements.    Stable  isotopic  analysis  of  oxygen  in  quartz  vein  cements  suggests  that  quartz  cements  
precipitated  from  metamorphic  fluids  (Figure  3.15).    I  used  the  fractionation  factor  of  Clayton  et  al.  (1972)  
to  calculate  the  isotopic  composition  of  the  fluid  that  precipitated  the  quartz  cements.    I  used  the  
temperature  range  200°  C  –  400°  C;;  this  range  was  constrained  using  the  work  of  Groves  et  al.  (1998)  
and  the  average  of  measured  fluid  inclusion  homogenization  and  decrepitation  temperatures.    Although  
these  temperatures  are  not  particularly  reliable,  they  may  indicate  a  minimum  bound  or  a  range  of  
minimum  homogenization  or  trapping  temperatures  for  the  observed  inclusions.    I  then  compared  these  
poorly  constrained  minimum  bound  values  to  those  in  previously  published  work  reviewed  by  Sheppard  
(1986)  (Figure  3.16).    This  comparison  suggests  that  fluids  adjacent  to  the  weld  could  be  interpreted  as  
brine,  metamorphic,  igneous,  or  organic.    I  interpret  the  fluids  as  metamorphic  based  on  my  fluid  inclusion  
observations  and  other  microscopic,  mesoscopic,  and  map-scale  characteristics  of  the  study  area  and  
region  (e.g.  a  lack  of  organic  material).    
Stable  isotopic  analysis  of  carbon  and  oxygen  in  dolomite  vein  cements  suggests  that  dolomite  
cements  precipitated  from  formation  fluids  (brine)  or  metamorphic  fluids  (Figure  3.17).    I  used  the  
fractionation  factor  of  Northrop  and  Clayton  (1966)  to  calculate  the  isotopic  composition  of  the  fluid  that  
precipitated  dolomite  cements  and  subsequently  converted  this  value  from  a  value  relative  to  VPDB  to  a  
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Figure 3.15: Graph showing the stable oxygen isotope value of a fluid based on the temperature of
precipitation and the measured stable oxygen isotope value of quartz vein samples. In the
y-direction, the gray box indicates the extent of all data; the black dot and error bars represent the
average and one standard deviation of the data. In the x-direction, the gray box and error bars both
represent the constrained temperature range, as discussed in the text.
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value  relative  to  VSMOW  (Sharp,  2007).    I  used  two  separate  temperature  ranges  to  constrain  the  
composition  of  the  fluid:  1)  100°  C  –  200°  C,  which  represents  the  range  of  precipitation  temperatures  for  
saddle  dolomite  from  the  published  literature  (Radke  and  Mathis,  1980;;  Spötl  and  Pitman,  1998;;  Guzzy-
Arredondo  et  al.,  2007),  and  2)  240°  -  290°  C,  which  represents  the  range  of  observed  fluid  inclusion  
decrepitation  temperatures  in  dolomite  from  this  study.    I  then  compared  the  calculated  values  to  those  in  
previously  published  work  reviewed  by  Sheppard  (1986)  (Figure  3.18).    This  comparison  suggests  that  
fluids  adjacent  to  the  weld  could  be  interpreted  as  brine,  metamorphic,  igneous,  or  organic.    This  
interpretation  is  largely  dependent  on  the  temperature  range  used;;  a  lower  temperature  range  reflects  
brine,  whereas  a  higher  temperature  reflects  metamorphic  fluid.    Petrographic  observations  suggest  a  
lower  temperature  range,  and  fluid  inclusion  analyses  suggest  a  higher  temperature  range.    
Unfortunately,  this  data  set  cannot  constrain  which  temperature  range  is  more  accurate.    Fluids  in  the  
secondary  minibasin  could  also  be  interpreted  as  brine,  metamorphic,  igneous,  or  organic.    Again,  the  
interpretation  is  dependent  on  the  temperature  range  used.    
  

18

To  further  constrain  the  paleofluid  system,  I  evaluated  the  measured  d O  values  of  quartz  and  

dolomite  cements  in  two  ways:  1)  holding  precipitation  temperature  constant  and  2)  holding  the  fluid  
18

composition  constant.    By  holding  precipitation  temperature  constant  and  calculating  the  d O  of  the  fluid,  
I  am  evaluating  the  possibility  that  quartz  and  dolomite  cements  coprecipitated.    If  coprecipitation  
occurred,  I  would  expect  the  calculated  fluid  values  at  a  given  temperature  to  have  no  statistical  
difference.    However,  the  fluid  values  I  calculated,  given  a  temperature  of  250°  C,  suggest  that  quartz  and  
dolomite  precipitated  from  statistically  different  fluids  (Table  3.2)  and  therefore  did  not  coprecipitate.    This  
test  is  consistent  with  my  petrographic  interpretation  that  quartz  precipitated  first,  followed  by  later  
dolomite.    By  holding  the  fluid  value  constant  and  calculating  the  precipitation  temperature,  I  am  
evaluating  the  possibility  that  quartz  and  dolomite  precipitated  from  the  same  fluid,  which  had  evolved  
thermally  from  the  time  of  quartz  precipitation  to  the  time  of  dolomite  precipitation.    If  the  cements  
precipitated  from  a  compositionally  similar,  thermally  evolved  fluid,  I  would  expect  the  calculated  
temperature  of  dolomite  precipitation  to  be  lower  than  the  calculated  temperature  of  quartz  precipitation.    
18

However,  the  precipitation  temperatures  I  calculated,  given  a  fluid  value  of  d O  =  10  ‰  VSMOW,  suggest  
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Figure 3.18: Expected stable oxygen isotope values for various types of fluid. (a) The range of
possible stable oxygen isotope values for the fluid that precipitated dolomite vein cements adjacent to the Willouran Salt Weld. The two boxes represent the break between the two separate
temperature ranges used to calculate these values, as shown in Figure 3.15. (b) The range of
possible stable oxygen isotope values for the fluid that precipitated dolomite vein cements in the
secondary minibasin. The two boxes represent the two separate temperature ranges used to
calculate these values. After Sheppard (1986).

Table 3.2: The results of various Student’s t-tests. It is generally accepted that two populations are statistically different if the p-value < 0.05.
All tests were done in Microsoft Excel; t-tests were run as two-tail, homoscedastic tests.
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that  dolomite  precipitated  at  a  temperature  that  was  both  higher  and  statistically  different  than  that  for  
quartz  precipitation  (Table  3.2),  which  suggests  that  quartz  and  dolomite  cements  did  not  precipitate  from  
a  fluid  of  the  same  composition.    These  two  calculations  suggest  that  the  more  likely  scenario  is  that  
dolomite  precipitated  after  quartz  from  fluid  of  a  different  composition.    In  summary,  the  geochemical  data  
I  collected  suggest  quartz  vein  cements  precipitated  from  hot,  metamorphic  fluid,  whereas  dolomite  vein  
cements  precipitated  from  either  warm,  sedimentary  brine  or  warm,  metamorphic  fluid.  

Paleohydrologic  Behavior  of  the  Willouran  Salt  Weld  

The  stable  isotope  data  set  from  this  study  shows  variability  with  structural  position  in  some  
cases,  but  in  other  cases  it  does  not.    My  interpretation  of  the  paleohydrologic  behavior  of  the  weld  was  
18

impacted  by  the  structural  position.    The  d O  values  from  quartz  veins  show  no  statistically  significant  
18

difference  with  structural  position  (Table  3.2).    The  d O  values  of  dolomite  cements  do  not  show  a  
significant  difference  above  or  below  the  weld  but  do  show  a  significant  difference  between  samples  
adjacent  to  the  weld  and  the  secondary  minibasin,  sampled  roughly  2  km  stratigraphically  above  the  weld  
13

(Table  3.2).    The  d C  values  from  dolomite  vein  cements  show  a  statistically  significant  difference  
between  samples  collected  above  the  weld  and  below  the  weld  (Table  3.2).    
These  data  suggest  an  evolution  in  the  hydrological  behavior  of  the  Willouran  Salt  Weld  between  
the  quartz  and  dolomite  precipitation  events.    This  interpretation  is  based  on  the  lack  of  a  statistically  
18

significant  difference  in  the  measured  d O  of  quartz  vein  cements,  the  lack  of  a  significant  difference  in  
18

13

the  d O  values  of  dolomite  cements,  and  the  existence  of  a  statistically  significant  difference  in  the  d C  
value  of  the  same  cements.    This  latter  difference  suggests  that  fluid  below  the  weld,  which  had  a  more  
13

13

negative  d C,  was  not  in  communication  with  fluid  above  the  weld,  which  had  a  more  positive  d C.    
13

Variation  in  the  d C  value  of  a  fluid,  and  thus  the  vein  cement  it  precipitates,  commonly  results  from  
variations  in  the  source  of  dissolved  bicarbonate  (Nelson  and  Smith,  1996).    Sources  of  bicarbonate  
include  seawater,  carbonate  dissolution,  bacterial  oxidation  of  organic  material,  and  oxidation  of  methane,  
among  others  (Nelson  and  Smith,  1996).    Variation  of  fluid  composition  in  the  Willouran  Ranges  may  
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have  resulted  from  carbonate  dissolution.    Fluids  within  the  Burra  and  Umberatana  Minibasins  likely  
interacted  with  carbonate  host  rock  of  their  respective  basins,  resulting  in  differing  fluid  compositions,  
13

specifically  with  respect  to  stable  carbon  isotopes.    Work  by  Hill  and  Walter  (2000)  indicates  that  the  d C  
of  dolomite  host  rocks  of  the  Skillogalee  (Twenty  Mile  Hill  and  Old  Mount  Nor  West  Members)  are  
generally  between  0‰  and  5‰  VPDB,  which  supports  this  interpretation.  However,  this  interpretation  is  
difficult  to  further  constrain  with  this  data  set  due  to  a  lack  of  carbonate  host-rock  samples  from  this  study.    
Overall,  my  data  set  suggests  that  fluids  were  similar  in  composition  on  opposing  sides  of  the  
Willouran  Salt  Weld  at  the  time  of  quartz  cement  precipitation;;  thus,  the  structure  was  likely  not  a  barrier  
to  flow.    My  data  set  also  suggests  that  fluids  were  dissimilar  in  composition  on  opposing  sides  of  the  
structure  at  the  time  of  dolomite  cement  precipitation,  so  the  structure  likely  acted  as  a  barrier  to  flow  
(Figure  3.19).    This  contradicts  my  hypothesis  that  the  weld  acted  as  a  seal  based  on  my  structural  
investigation  of  the  study  area.    Multiple  scenarios  may  explain  why  my  findings  differ  from  my  
hypothesis.    First,  the  Willouran  Ranges  provide  a  single,  two-dimensional  slice  of  the  Burra  Minibasin  
and  adjacent  salt  structures.  Complexities  in  the  three-dimensional  structure  of  the  Willouran  Salt  Weld  
may  have  led  to  one  or  more  leak  points  in  the  weld.    Second,  the  Tindelpina  Shale  may  not  be  a  
sufficient  seal.    If  the  Tindelpina  is  relatively  permeable,  it  could  allow  fluid  to  move  across  the  Willouran  
Salt  Weld  where  the  structure  is  a  complete  weld.    Next,  there  is  potential  that  impurities  within  the  
Callanna  Group  allowed  fluid  transmission  across  the  structure.    Warren  (2016)  states  that  when  
hydrocarbons  migrate  through  nonfractured  halite  beds,  they  most  frequently  do  so  where  there  are  
abundant  shale  or  carbonate  impurities  within  the  evaporite,  providing  a  locally  porous  and  permeable  
zone.    The  Callanna  Group  has  abundant  porous  and  permeable  strata  within  it;;  therefore,  it  is  easy  to  
imagine  a  scenario  where  fluids  migrated  through  these  impurities.    Warren  (2016)  also  suggests  that  
fluids  can  enter  and  flow  through  salt  when  fluid  pressures  are  close  to  lithostatic,  creating  a  near-zero  
effective  stress.    In  this  scenario,  microscopic  hydrofractures  form  within  the  salt,  drastically  increasing  its  
permeability  (Warren,  2016).    Therefore,  fluids  may  have  leaked  from  subsalt  strata  into  suprasalt  strata  
due  to  high  fluid  pressures  within  subsalt  strata.    Next,  fluids  may  have  easily  moved  through  the  
Callanna  Group  breccia  following  dissolution  and  alteration  of  evaporite  minerals.    This  scenario  is  heavily  
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Figure 3.19: A conceptual model of the paleofluid system in the vicinity of the Willouran Salt Weld. (a)
During the time of quartz cement precipitation, fluids above and below the weld were likely in
communication. Thus the weld was likely not a seal. (b) During the time of dolomite cement
precipitation, fluids above and below the weld were likely in communication. Thus the weld was likely
sealing.
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dependent  on  the  timing  of  fluid  movement  and  evaporite  dissolution,  both  of  which  are  difficult  to  
constrain.    Finally,  data  collected  from  other  locations  in  the  Flinders  Ranges,  specifically  the  
Warraweena  and  Patawarta  salt  structures,  as  a  part  of  ongoing  research  suggest  that  quartz  cements  
were  precipitated  from  a  regional,  isotopically  consistent  fluid.    If  silica-rich  fluids  are  part  of  a  regional  
fluid  system,  I  would  not  expect  to  see  systematic  variation  in  the  composition  of  fluids  around  individual  
salt  structures,  thus  limiting  my  ability  to  interpret  the  paleohydrologic  behavior  of  the  Willouran  Salt  Weld.  
If  the  structure  was  a  conduit  to  flow  at  the  time  of  quartz  precipitation,  there  are  two  potential  
explanations  for  the  interpreted  shift  in  hydrologic  behavior  of  the  weld.    First,  a  shift  in  hydrologic  
behavior  is  not  uncommon  in  faults,  where,  following  precipitation  of  a  cement,  the  permeability  of  the  
structure  decreases  and  the  structure  becomes  a  barrier  to  flow  (Bense  et  al.,  2013);;  a  similar  scenario  
may  have  occurred  adjacent  to  the  Willouran  Salt  Weld.    Therefore,  I  would  add  the  occlusion  of  weld-
zone  porosity  by  cements  to  the  list  of  variables  that  may  control  the  hydrologic  behavior  of  a  weld  
(Rowan,  2004).    Second,  overpressure  within  the  Burra  Minibasin  during  the  generation  and  movement  of  
silica-rich  fluids  may  have  allowed  fluids  to  overcome  the  pressure  required  to  move  through  salt,  as  
previously  mentioned  (Warren,  2016).    In  this  scenario,  fluid  leaking  will  continue  until  fluid  pressure  
decreases,  allowing  microfractures  to  close  and  the  permeability  of  the  salt  to  decrease  (Roberts  and  
Nunn,  1995;;  Warren,  2016).    At  this  point,  salt  will  once  again  act  as  a  seal,  preventing  the  movement  of  
later  dolomitic  fluids  across  the  structure.    Overall,  despite  structural  geometries  that  suggest  the  
Willouran  Salt  Weld  had  potential  to  act  as  a  seal,  paleofluid  data  indicate  that  fluids  were  similar  in  
composition  on  opposing  sides  of  the  structure  for  some  portion  of  its  history;;  multiple  scenarios  exist  that  
could  explain  why  fluid  transmission  across  the  structure  was  possible.    

Paleofluid  Source  

Although  I  cannot  constrain  the  specific  source  of  paleofluids  adjacent  to  the  Willouran  Salt  Weld,  
I  can  hypothesize  the  source  based  on  the  fluid  type  and  geologic  history  of  the  region.    Metamorphic  
fluids,  which  are  responsible  for  quartz  and  potentially  dolomite  mineralization,  are  likely  related  to  the  
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Delamerian  Orogeny.    Metamorphic  fluids,  as  discussed  by  Groves  et  al.  (1998),  are  typically  produced  at  
convergent  margins  that  have  reached  the  greenschist  metamorphic  facies.    The  Delamerian  Orogeny,  a  
contractional  event,  does  not  exceed  greenschist  facies  metamorphism  through  the  majority  of  the  
Flinders  and  northern  Flinders  Ranges  (Sandiford  et  al.,  1998;;  Paul  et  al.,  1999;;  Brugger  et  al.,  2005).    
Metamorphic  fluids  are  produced  at  depth  as  fluid  is  released  by  dehydration  reactions;;  fluids  typically  
ascend  a  first-order  compressional  structure  and  are  precipitated  as  they  branch  out  into  lower  order  
structures  (Groves  et  al.,  1998).    In  the  Willouran  Ranges,  the  Norwest  and  Bungarider  Faults,  which  are  
first-order  compressional  structures  (Hearon  IV  et  al.,  2015a),  are  the  likely  route  of  metamorphic  fluids.    
Lower  order  structures  may  include  smaller  faults  in  the  area  (Figure  2.4),  or  potentially  the  Callanna  
Group  diapiric  breccia,  following  dissolution  and  alteration  of  evaporite  minerals.    Fluids,  especially  those  
responsible  for  meter-scale  veins,  may  also  have  risen  through  the  stratigraphic  section  as  mobile  
hydrofractures,  as  discussed  previously  (Bons,  2001).    
Sedimentary  brines,  which  are  potentially  responsible  for  dolomite  mineralization,  are  also  likely  
related  to  the  Delamerian  Orogeny.    Orogenic  events  create  large  areas  of  uplift,  which  provide  a  
substantial  topographic  drive  for  fluids  (Pollyea  et  al.,  2015).    Topography  has  been  shown  to  drive  fluids,  
specifically  brines  from  deep  within  sedimentary  basins,  hundreds  of  kilometers  across  continents  (Bethke  
and  Marshak,  1990;;  Nesbitt  and  Muehlenbachs,  1994;;  Garven,  1995).    As  fluids  move,  they  commonly  
precipitate  dolomite,  Mississippi  Valley-type  (MVT)  ore  bodies,  and  facilitate  other  geologic  phenomena  
that  were  long  considered  enigmatic  (Bethke  and  Marshak,  1990).    Multiple  MVT  deposits,  as  well  as  
nonsulfide  zinc  deposits,  have  been  identified  in  the  Flinders  (Harkins  et  al.,  2008),  which  may  suggest  
that  brines  formed  a  regional  fluid  system  stemming  from  Delamerian  uplift.    Within  the  Flinders  and  
Northern  Flinders,  one  must  consider  the  impact  of  salt  structures  on  regional  fluid  flow  systems.    I  would  
expect  salt  structures  to  impede  the  flow  paths  of  a  regional  fluid  system.    However,  the  degree  to  which  
flow  is  impeded  likely  depends  on:  1)  the  geometry  of  structures  (walls  vs.  diapirs  vs.  pillows);;  2)  the  
presence  of  laterally  continuous,  permeable  presalt  strata;;  and  3)  specifically  in  the  Flinders,  the  timing  of  
fluid  movement  relative  to  dissolution  and  alteration  of  the  evaporites  within  the  Callanna  Group.    
Topographically  driven  brines  may  also  have  taken  advantage  of  preferential  flow  paths,  i.e.  faults.  
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Summary  and  Conclusions  

In  summary,  mode  1  joints  are  the  dominant  mesoscopic  feature  in  the  study  area  and  served  as  
fluid  flow  paths.    Joint  orientations  vary  above  and  below  the  structure  adjacent  to  the  Willouran  Salt  
Sheet  while  orientations  are  similar  adjacent  to  Willouran  Salt  Weld.    Also,  the  timing  of  various  fracture  
sets  is  inconsistent  throughout  the  study  area.    These  observations  are  likely  a  result  of  stress  
reorientation  adjacent  to  significant  thicknesses  of  allochthonous  salt.    These  observations  also  suggest  
that  most  joints  formed  after  welding  of  the  salt  sheet  during  the  Delamerian  Orogeny.    Given  the  
interpretation  that  most  joints  (the  dominant  flow  paths  of  the  paleofluid  system)  formed  after  welding,  the  
paleofluid  system  interpreted  by  this  study  is  also  likely  a  postwelding  system.    Thus  the  present-day  
structural  geometries  of  the  study  area  are  likely  very  similar  to  the  structural  geometries  present  at  the  
time  of  vein  cement  precipitation.  
Joints  are  commonly  filled  with  quartz  and  dolomite  vein  cements.    The  textures  of  vein  cements  
suggest  a  single  opening  and  precipitation  event  was  responsible  for  vein  formation.    Textures  also  
suggest  that  quartz  was  precipitated  first,  followed  later  by  dolomite.    Fluid  inclusion  and  stable  oxygen  
isotope  analyses  of  quartz  cements  indicate  that  quartz  was  likely  precipitated  from  a  metamorphic  fluid,  
whereas  fluid  inclusion  and  stable  oxygen  isotope  analyses  indicate  that  dolomite  was  likely  precipitated  
from  either  a  metamorphic  fluid  or  sedimentary  brine.    Both  fluid  types  are  likely  related  to  the  Delamerian  
Orogeny.    There  is  no  statistically  significant  difference  in  the  stable  oxygen  isotope  value  of  quartz  or  
dolomite  cements  above  or  below  the  weld.    Stable  carbon  isotope  analyses  of  dolomite  cements  suggest  
that  there  is  a  statistically  significant  difference  in  the  composition  of  fluids  above  and  below  the  weld,  
which  likely  resulted  from  fluid  interaction  with  carbonate  host  rock  of  the  Burra  and  Umberatana  
Minibasins.    Therefore,  it  is  likely  that  the  Willouran  Salt  Weld  allowed  fluid  to  move  across  it  early  in  its  
history  and  acted  as  a  barrier  to  flow  later  in  its  history,  although  the  existence  of  a  regional  fluid  system  
may  limit  our  ability  to  interpret  the  behavior  of  the  structure  early  in  its  history.      

CHAPTER  4:  CONCLUSIONS  

In  this  chapter,  I  review  my  findings  on  the  structural  evolution  and  paleofluid  system  adjacent  to  
the  Willouran  Salt  Weld.    I  then  critique  the  methodology  I  used  to  obtain  my  results.    Finally,  I  suggest  
future  work  related  to  my  study.      

Summary  of  Findings  

I  made  five  key  observations  during  detailed  mapping  of  the  Willouran  Salt  Sheet.    First,  the  
base-of-salt  geometry  varies  throughout  the  area,  with  multiple  ramps  and  flats  present.    These  
geometries  indicate  that  two  salt  sheets,  the  Breaden  Hill  sheet  and  the  Kingston  sheet,  were  present  in  
the  study  area.    Second,  I  identified  a  previously  unmapped  section  of  the  Old  Mount  Nor  West  Member.  I  
then  identified  a  zone  of  folding  in  the  newly  mapped  section  of  the  Old  Mount  Nor  West  Member.    This  
zone  of  deformation  is  likely  a  result  either  of  allochthonous  salt  movement  and  subsalt  basal  shear  or  
soft  sediment  slumping  and  deforming  soon  after  deposition.    Fourth,  a  significant  quantity  of  remnant  
diapiric  breccia  is  present  along  the  weld.    The  structure  was  subsequently  divided  into  three  segments:  
the  salt  sheet,  the  incomplete  weld,  and  the  complete  weld.    Finally,  I  identified  a  previously  unmapped  
section  of  the  Tindelpina  Shale  adjacent  to  the  complete  weld.      
The  results  of  my  detailed  mapping  allow  me  to  test  ideas  of  near-salt  deformation,  interpret  the  
evolution  of  the  weld,  and  hypothesize  the  hydrologic  behavior  of  the  weld.    Both  the  Breaden  Hill  sheet  
and  the  Kingston  sheet  entered  the  plane  of  the  map  during  upper  Twenty  Mile  Hill  time  and  spread  
horizontally  across  the  Burra  Minibasin.    The  Breaden  Hill  sheet  spread  along  a  base  of  salt  flat  and  was  
pinned  by  Old  Mount  Nor  West  deposition.    It  then  broke  out,  decapitating  a  halokinetic  drape  fold,  and  
sutured  with  the  Kingston  sheet.    The  breakout  of  pinned  allochthonous  salt  in  the  study  area  generally  
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follows  the  conceptual  model  of  Hearon  IV  et  al.  (2015b),  although  slumping  or  erosion  of  the  roof  may  be  
a  more  likely  mechanism  of  breakout  than  thrusting.    The  Kingston  sheet  moved  into  or  out  of  the  plane  of  
the  map  and  spread  laterally  to  the  north  and  south.    It  cut  up-section  through  the  upper  Twenty  Mile  Hill  
and  lower  Old  Mount  Nor  West  Members  and  sutured  with  the  Breaden  Hill  sheet  to  the  north.    The  Old  
Mount  Nor  West  Member  was  likely  deformed  as  salt  in  the  Kingston  sheet  moved  to  the  north.    The  zone  
of  subsalt  shear  folds  identified  in  the  Old  Mount  Nor  West  Member  is  likely  a  result  of  either  the  
development  of  a  subsalt  basal  shear  zone  beneath  the  Kingston  sheet  or  soft  sediment  slumping.    
Following  suturing  of  the  Breaden  Hill  and  Kingston  sheets,  the  newly  formed  Willouran  Salt  Canopy  
continued  to  inflate  until  deposition  of  the  Lower  Umberatana  Group  began,  at  which  point  the  canopy  
began  to  thin.    Welding  occurred  beneath  what  was  likely  the  thickest  part  of  the  minibasin,  which  
coincides  with  the  extent  of  the  Tindelpina  Shale.    Suprasalt  deformation  related  to  the  welding  process,  
as  predicted  by  Heidari  et  al.  (2016),  was  not  identified  by  this  study.    Elsewhere,  thinning  of  the  sheet  
generally  stalled  before  it  became  a  weld,  although  in  some  areas  incomplete  welding  occurred.    The  
ideas  of  Rowan  (2004)  and  the  structural  geometries  identified  from  new  mapping  (i.e.  significant  remnant  
evaporite  and  juxtaposition  of  an  impermeable  unit)  suggest  that  the  Willouran  Salt  Weld  would  likely  act  
as  a  seal.      
To  determine  the  hydrologic  behavior  of  the  weld  and  test  the  ideas  of  Rowan  (2004),  I  
constrained  the  paleofluid  system  of  the  study  area.    My  analysis  of  the  paleofluid  system  integrated  
multiple  data  sets  to  establish  the  fluid  flow  paths,  fluid  types,  fluid  sources,  and  fluid  distribution  in  the  
vicinity  of  the  Willouran  Salt  Weld.    Mode  1  joints  are  the  dominant  mesoscopic  feature  in  the  study  area  
and  likely  served  as  the  dominant  fluid  flow  paths.    Joint  orientations  vary  above  and  below  the  weld  
adjacent  to  the  Willouran  Salt  Sheet  while  orientations  are  similar  adjacent  to  Willouran  Salt  Weld.    Also,  
the  timing  of  various  fracture  sets  is  inconsistent  throughout  the  study  area.    These  observations  are  likely  
a  result  of  stress  reorientation  adjacent  to  significant  thicknesses  of  allochthonous  salt  and  are  consistent  
with  the  results  of  numerical  modeling  studies  by  Luo  et  al.  (2012)  and  Eckert  and  Zhang  (2016).    These  
observations  also  suggest  that  most  joints  formed  after  welding  of  the  salt  sheet,  during  the  Delamerian  
Orogeny.    Joints  are  commonly  filled  with  quartz  and  dolomite  vein  cements.    The  textures  of  vein  
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cements  suggest  a  single  opening  event  and  subsequent  filling  was  responsible  for  vein  formation.    
Textures  also  suggest  that  quartz  was  precipitated  first,  followed  later  by  dolomite.      
  

Fluid  inclusion  and  stable  oxygen  isotope  analyses  of  quartz  cements  indicate  that  quartz  was  

likely  precipitated  from  a  metamorphic  fluid,  whereas  fluid  inclusion  and  stable  oxygen  isotope  analyses  
indicate  that  dolomite  was  precipitated  from  either  a  metamorphic  fluid  or  sedimentary  brine.    There  is  no  
statistically  significant  difference  in  the  stable  oxygen  isotope  values  of  quartz  or  dolomite  cements  above  
or  below  the  weld.    Stable  carbon  isotope  analyses  of  dolomite  cements  suggest  that  there  is  a  
statistically  significant  difference  in  the  composition  of  fluids  above  and  below  the  weld,  which  likely  
resulted  from  fluid  interaction  with  carbonate  host  rock  of  the  Burra  and  Umberatana  Minibasins.    At  the  
time  of  quartz  cement  precipitation,  this  data  set  indicates  there  is  no  difference  in  the  composition  of  
fluids  above  and  below  the  weld.    It  is  difficult  to  interpret  the  behavior  of  the  Willouran  Salt  Weld  at  the  
time  of  quartz  precipitation  due  to  the  potential  presence  of  a  regional  fluid  system.    However,  similar  fluid  
compositions  on  opposing  sides  of  a  structure  generally  suggest  that  a  structure  was  not  a  barrier  to  flow.    
At  the  time  of  dolomite  precipitation,  it  is  likely  that  the  structure  acted  as  a  barrier  to  flow.    This  potential  
shift  in  paleohydrologic  behavior  is  possibly  due  to  the  occlusion  of  porosity  by  early  quartz  cement  or  a  
decrease  in  fluid  pressure  in  subweld  strata,  allowing  the  structure  to  act  as  a  barrier  later  in  its  history.    
Therefore,  I  would  add  the  occlusion  of  weld-zone  porosity  by  early  cements  to  the  list  of  variables  
presented  by  Rowan  (2004)  and  conclude  that  neither  significant  remnant  evaporite  nor  juxtaposition  of  
an  impermeable  unit  sufficiently  sealed  the  Willouran  Salt  Weld.      

Critique  of  Methodology  

  

As  with  any  scientific  study,  there  are  methods  and  techniques  used  that  could  be  improved  

upon.    In  this  section  I  will  discuss  some  of  the  aspects  of  this  study  that  could  be  improved  upon  and  
suggest  ways  in  which  future  research  could  avoid  any  setbacks  I  encountered.      
  

Although  the  Willouran  Ranges  provide  an  excellent  exposure  of  a  primary  and  secondary  

minibasin  and  multiple  salt  structures  (Hearon  IV  et  al.,  2015a),  the  field  area  also  has  limitations.    As  
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pointed  out  by  Alsop  et  al.  (2016),  although  the  number  of  field  studies  focused  on  salt  tectonics  has  
increased  in  the  past  decade,  the  number  of  field  studies  that  have  investigated  salt  tectonics  in  a  setting  
that  has  not  been  overprinted  by  younger  deformational  events  is  small.    Overprinting  can  complicate  
many  aspects  of  salt  tectonic  regions.    For  example,  in  the  Willouran  Ranges,  the  Witchelina  syncline  is  
thought  to  have  been  tightened  by  Delamerian  contraction  (Hearon  IV  et  al.,  2015a).    Delamerian  
overprinting,  and  potentially  more  recent  orogenesis,  have  limited  this  study  in  multiple  ways.    First,  fluid  
inclusion  analysis  was  limited  due  to  inclusion  re-equilibration  and  decrepitation,  which  are  likely  a  result  
of  postprecipitation  deformation.    Therefore,  reliable  temperature  data  could  not  be  collected  as  part  of  
this  study.    Also,  the  timing  of  halite  dissolution  or  alteration  in  the  Willouran  Ranges  is  difficult,  and  
potentially  impossible,  to  constrain.    Although  we  may  still  interpret  the  structural  evolution  of  the  area  
from  the  geometry  and  distribution  of  the  Callanna  Group  diapiric  breccia,  the  timing  of  halite  dissolution  
may  have  had  a  large  impact  on  the  fluid  system  of  the  area.    Overall,  the  Willouran  Ranges  are  an  
excellent  field  analog  for  the  study  of  salt  tectonic  processes,  yet  they  still  provide  their  share  of  
challenges.        
18

During  the  isotopic  analysis  of  quartz  vein  cements,  the  d O  value  of  standards  had  a  higher  
18

standard  deviation  than  is  generally  preferred.    This  variability  in  the  measured  d O  value  of  standards  
18

may  have  had  an  impact  of  the  corrected  d O  value  of  vein  cement  samples.    To  account  for  this  
potential  impact,  multiple  correction  methods  were  attempted.    However,  it  was  found  that,  regardless  of  
the  correction  method,  corrected  values  were  generally  similar.    Therefore,  I  used  a  daily  two-point  
correction.    Also,  duplicates  of  two  vein  samples,  WAW04E  and  WAW18A,  were  analyzed.    Duplicates  
indicated  that  sample  values,  following  correction,  were  similar;;  the  standard  deviation  of  the  corrected  
values  for  WAW04E  and  WAW18A  were  0.49  and  0.63,  respectively.    These  values  are  higher  than  the  
standard  deviation  of  Lausanne,  an  internal  standard,  but  lower  than  the  standard  deviation  of  NBS-28,  
an  international  standard.    Given  more  time,  it  would  be  useful  to  analyze  more  standard  and  vein  sample  
duplicates.      
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Recommendations  for  Future  Work  

Future  work  is  needed  to  address  the  shortcomings  of  this  study  as  well  as  our  understanding  of  
salt  sheet  dynamics  and  the  fluid  systems  adjacent  to  salt  sheets.    I  recommend  that  future  work  be  done  
in  the  field,  in  the  lab,  and  through  numerical  modeling.    Given  more  time  in  the  field,  I  would  focus  my  
time  on  three  tasks.    First,  I  would  further  characterize  and  measure  folds  within  the  Old  Mount  Nor  West  
Member.    I  feel  this  is  the  area  of  my  study  that  could  be  improved  upon  the  most.    Second,  I  would  
collect  more  vein  cement  samples.    I  would  specifically  focus  on  veins  farther  from  the  Willouran  Salt  
Weld,  deeper  in  the  Burra  Minibasin,  and  higher  in  the  Umberatana  Minibasin;;  the  samples  I  collected  are  
all  relatively  close  to  the  weld.    Finally,  I  feel  that  the  large,  meter-scale  veins  seen  in  the  study  area,  as  
well  as  in  the  secondary  minibasin,  could  be  further  investigated.    I  collected  a  single  hand  sample  from  
these  veins;;  collecting  samples  that  span  the  width  of  a  vein  or  along  the  length  of  a  vein  could  provide  
more  insight  into  their  kinematics  and  paragenesis.      
While  the  field  work  I  recommend  is  all  feasible  given  another  field  season,  the  lab  work  needed  
to  address  the  shortcomings  of  this  study  may  not  be  achievable.    The  most  prominent  shortcomings  of  
my  study  are  a  lack  of  constraint  on  the  temperature  of  vein  cement  precipitation  and  a  lack  of  constraint  
on  the  timing  of  vein  cement  precipitation.    The  temperature  and  timing  of  precipitation  are  related,  yet  
both  are  difficult,  and  potentially  impossible,  to  constrain  at  this  time.    Fluid  inclusion  microthermometry  
17

and  d O  are  two  methods  of  determining  the  temperature  of  cement  precipitation,  yet  both  cannot  be  
applied  to  this  study.    Beyond  constraining  the  temperature  and  timing  of  precipitation,  further  analysis  of  
vein  cements  could  be  completed.    With  an  expanded  number  of  samples,  as  mentioned  in  the  previous  
paragraph,  I  could  further  constrain  the  paleofluid  system  in  the  Willouran  Ranges  with  stable  isotopes.    
Future  work  could  also  include  trace-element  analysis  of  vein  cements.    Analysis  of  host-rock  stable  
isotope  ratios  should  also  be  completed;;  however,  this  analysis  may  be  limited.    First,  there  are  no  
carbonate  host  rocks  at  my  data  stations;;  therefore,  they  may  not  be  analyzed,  which  makes  some  
interpretations  difficult.    On  the  other  hand,  siliciclastic  host  rocks  should  also  be  analyzed.    This  analysis  
may  improve  some  interpretations  of  the  paleofluid  system.    However,  it  should  be  noted  that  the  
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measured  value  may  not  be  representative  of  the  host  rock  as  a  whole.    The  isotopic  value  of  host  rocks  
may  be  heterogeneous  because  of  variability  in  the  provenance  of  detrital  grains  and  therefore  the  
isotopic  value  of  these  grains.    
Finally,  numerical  modeling  of  allochthonous  salt  advance  and  welding  could  help  further  our  
understanding  of  stress  and  strain  in  strata  adjacent  to  salt  sheets  and  salt  welds.    Future  models  could  
be  compared  to  my  findings  in  the  Willouran  Ranges,  specifically  the  zone  of  deformation  in  the  Old  
Mount  Nor  West  Member.    
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APPENDIX  
CHAPTER  3  SUPPLEMENTAL  DATA  AND  FIGURES  

Mineral-Water  Fractionation  and  Graph  Derivation  
18

112

The  derivation  for  the  temperature  vs.  δ O  (‰  VSMOW  or  VPDB)  graph  for  quartz  or  dolomite  follows  
the  procedures  from  Warren  (2000).    The  fractionation  factor  for  any  mineral-water  system  may  be  
substituted.    This  derivation  will  use  the  fractionation  factor  for  dolomite-water  from  Northrop  and  Clayton  
(1966).    
1000 ln 𝛼 = 3.2 ∗ 	
  

10,
− 2  
𝑇.

And  
𝛼=

1000 + 𝛿 23 𝑂5
1000 + 𝛿 23 𝑂6

Then  
1000 ∗ ln

1000 + 𝛿 23 𝑂5
1000 + 𝛿 23 𝑂6

= 3.2 ∗ 	
  

10,
− 2  
𝑇.

Therefore  
23

23

𝛿 𝑂5 𝑉𝑆𝑀𝑂𝑊 = 1000 + 𝛿 𝑂6 𝑉𝑆𝑀𝑂𝑊

∗ 𝑒

<..∗ 2=> ? @A B.
2===

− 1000  

To  convert  values  relative  to  VPDB  to  values  relative  to  VSMOW:  
𝛿 23 𝑂5 𝑉𝑃𝐷𝐵 =

𝛿 23 𝑂5 𝑉𝑆𝑀𝑂𝑊
1.03091

− 30.91  

In  Microsoft  Excel,  graph  the  following  function  at  varying  temperature  to  denote  VSMOW  value  of  
original  water  on  graph:  
= ( 1000 + 𝛿 23 𝑂6 ∗ (𝐸𝑋𝑃(( 3.2 ∗ 10, ∗ 𝑇 B. − 2)/1000))-1000)/1.03091-30.91  
Substitute  fractionation  factors  for  other  mineral-water  systems  as  necessary.  

113

Figure A.1: Raman Spectra and Photomicrographs of Analyzed Inclusions

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

Table A.1: Characteristics of the fracture network and samples collected at each station.

153

154

155

156

157

158

159

Table A.2: Quartz vein isotopic data, raw and corrected. Lausanne is an internal standard at the NIU
Stable Isotope Lab; the accepted δ18O is 18.16‰ VSMOW. NBS-28 is an international standard with
an accepted δ18O of 9.57‰ VSMOW.
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Table A.3: Dolomite vein isotopic data, raw and corrected. NBS18 is an international standard with
18
accepted δ13C and δ O values of -5.014‰ VPDB and -23.2‰ VPDB, respectively. NBS19 is an
international standard with accepted δ13C and δ18O values of 1.95‰ VPDB and -2.20‰ VPDB,
respectively.

